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InAs ÕGaAs square nanomesas: Multimillion-atom molecular dynamics
simulations on parallel computers
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A model potential for GaAs~100! and InAs~100! surface atoms is developed and surface
reconstructions on GaAs~100! and InAs~100! are studied with the conjugate gradient~CG! method.
Not only does this model reproduce well surface energies for the~100! orientation, it also yields
(132) dimer lengths in accordance withab initio calculations. Large-scale molecular dynamics
~MD! simulations are performed to investigate mechanical stresses in InAs/GaAs nanomesas with
$101%-type sidewalls. The in-plane lattice constant of InAs layers parallel to the InAs/GaAs~001!
interface are found to exceed the InAs bulk value at the twelfth monolayer~ML ! and the hydrostatic
stresses in InAs layers become tensile above 12 ML. Hence, it is energetically unfavorable for InAs
overlayers to exceed 12 ML. This may explain the experimental finding that the growth of flat InAs
overlayers is self-limiting to;11 ML on GaAs nanomesas. MD simulations are also used to
investigate the lateral size effects on the stress distribution and morphology of InAs/GaAs square
nanomesas. Two nanomesas with the same vertical size but different lateral sizes are simulated.
While a single stress domain is observed in the InAs overlayer of the smaller mesa, two stress
domains are found in the larger mesa. This indicates the existence of a critical lateral size for stress
domain formation in accordance with recent experimental findings. It is found that the InAs
overlayer in the larger mesa is laterally constrained to the GaAs bulk lattice constant at the interface
but vertically relaxed to the InAs bulk lattice constant. Surface energies of GaAs and InAs for the
~110! and~111! orientations are also calculated with the MD and CG methods. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1609049#
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I. INTRODUCTION

Surface energies of GaAs and InAs play a major role
the formation of islands during heteroepitaxy. The molecu
beam epitaxical~MBE! growth of InAs on GaAs~100! planar
substrates is known to be in the Stranski–Krastanov~SK!
mode. During the initial stage of the MBE growth, a wettin
layer forms. Further deposition of InAs leads to the form
tion of three-dimensional InAs islands, since the surface
ergy of InAs is lower than that of GaAs.

Within the family of zinc-blende III–V semiconductors
a great deal of attention has focused on the GaAs~100! sur-
face due to its importance in electronic and optoelectro
devices. In the past decade, numerous state-of-the-art t
retical and experimental techniques have sought to unc
the atomic structure of GaAs~100!.1–7 A general consensu
has been reached concerning the As-stabilized recons
tion, most notably the 234 andc(434) phases. In particu
lar, the atomic structure of the As-rich GaAs(100)-b2(2
34) surface has been determined using scanning tunne
microscopy ~STM! and first-principles electronic-structur
calculations.2

a!Electronic mail: priyav@usc.edu
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The large~up to ;7%! lattice mismatch and associate
strain at the InGaAs/GaAs~001! interfaces have recently
been utilized to fabricate a number of nanostructures.8–14

The strain relief leads to the formation of coherent thre
dimensional~3D! island structures on infinite planar sub
strates with the InAs deposition of;1.6 ML.10,11When these
3D islands are capped by an appropriate material, they
vide nanostructures for the study of electronic quantum
havior in zero dimension10–15 with applications in electronic
and optoelectronic devices.15–17The stress/strain distribution
plays an important role in the electronic structure of the
sulting quantum dots. This has prompted investigations
stress/strain distributions for capped pyramidal islands
planar substrates based on atomistic simulations,18–24 finite
element18 and finite difference19 implementations of con-
tinuum elasticity theory, and analytical models based up
continuum elasticity theory.25 The island structures ar
formed prior to capping because of the stress, induced du
substrate–overlayer lattice mismatch. This has been sys
atically examined through a study of the growth of InAs
planar9–11and patterned12–14GaAs~001! substrates. On stripe
mesas of sub-100-nm widths on GaAs~001! substrates, depo
sition of InAs is shown to allow self-assembly of three, tw
and single chains of InAs 3D island quantum dots selectiv
2 © 2003 American Institute of Physics
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on the stripe mesa tops for widths decreasing from 100
down to 30 nm.14 For laterally finite mesas, experiments r
veal that when InAs is deposited on^100& oriented GaAs
square mesas of size<75 nm, the island morphology is sup
pressed and, instead, a continuous film with flat morphol
is observed.13 Indeed, the InAs film growth is self-limiting
and stops at;11 ML.13 In order to understand the sel
limiting nature of the InAs film growth on nanomesas, it
important to determine mechanical stresses at the atom
level and the in-plane lattice constant of InAs layers in
InAs/GaAs square nanomesas.

In recent years, atomistic simulations and first-princip
simulations have been widely used to study structural,
namical, electronic, and mechanical properties of s
systems.26–35 Using the density-functional approach, Mo
et al. have calculated the surface energies of GaAs and I
for the ~100!, ~110!, and~111! orientations.36,37 They obtain
the absolute surface energies for different orientations
rectly and consistently with the same set of parameters
pseudopotentials without introducing a reference surfa
The surface energies are determinedvia total-energy calcu-
lations using density-functional theory~DFT! with local-
density approximation~LDA ! applied to the exchange
correlation functional. Qianet al. have carried out total-
energy density functional calculations to study t
reconstruction of GaAs~100! surfaces as a function of Ga an
As surface coverage.38 Equilibrium atomic geometry and en
ergies for Ga- and As-stabilized 132, 231, and 232 sur-
faces consisting of various combinations of dimers and
cancies have been determined.

In this article, we report the molecular dynamics~MD!
simulations of InAs/GaAs nanomesas with^100& oriented
square base and$101% sidewalls on GaAs~001! substrates.
The MD simulations are based on reliable interatom
potentials39–41that can successfully describe a wide range
physical properties of InAs and GaAs. We have investiga
the mechanical stresses and in-plane lattice constants of
layers parallel to the InAs/GaAs~001! interface in the na-
nomesas. The MD simulations reveal that on GaAs~001!
square nanomesas, InAs overlayer thickness should be
limited to ;12 ML, as experimentally observed. Furthe
more, these simulations indicate the existence of a crit
lateral size for stress domain formation. Thus, as our sim
lations reveal, for nanomesas with top lateral sizes gre
than 12.4 nm and less than 40.7 nm, the InAs overlaye
laterally constrained to the GaAs bulk lattice constant n
the interface but vertically relaxed to the InAs bulk latti
constant.

II. InAs AND GaAs INTERATOMIC POTENTIALS

Our interatomic potentials for GaAs and InAs consist
two- and three-body terms,

V5(
i , j

Vi j
~2!~r i j !1 (

i , j ,k
Vjik

~3!~r i j ,r ik!. ~1!

The two-body terms represent steric repulsion, Coulo
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interaction due to charge transfer, charge-induced dipole
teraction due to large polarizability of negative ions, and v
der Waals interactions:

Vi j
~2!~r i j !5Ai j S s i1s j

r i j
D h i j

1
ZiZj

r i j
e2r i j /r 1s

2
a iZj

21a jZi
2

2r i j
4 e2r i j /r 4s2

Wi j

r i j
6 . ~2!

The first term represents steric repulsion, which is d
scribed by strength prefactors for steric repulsionAi j , ionic
radii s i and s j , and the exponents of steric repulsionh i j .
The second term is the Coulomb interaction due to cha
transfer and contains the effective atomic chargesZi andZj

as parameters. The screening length of the Coulomb inte
tion, r 1s , is set to 5.0 Å. The third term corresponds to t
charge dipole interaction due to large polarizability of neg
tive ions. The screening length for charge-dipole interactio
r 4s , is set to 3.75 Å. The last term is the induced dipol
dipole interaction, containing the van der Waals streng
Wi j . The values of the two-body parameters are listed
Tables I and II. The two-body cutoff lengthr c is set to 7.5 Å.
In order to make the potentials and forces continuous at
value of r c , the following equation is employed:

Vi j ~r i j !5Vi j ~r i j !2Vi j ~r c!2Vi j8 ~r c!~r 2r c!. ~3!

Covalent effects are represented by three-body bo
bending and bond-stretching terms. The three-body termVjik

(3)

includes bond angles and has the form:

Vjik
~3!~r i j ,r ik!5Bjik expS l

r i j 2r 0

1
l

r ik2r 0
D

3
~cosu j ik2cosū j ik !2

11Cjik~cosu j ik2cosū j ik !2

3Q~r 02r i j !Q~r 02r ik!, ~4!

whereBjik is the strength of the interaction,ū j ik is a con-
stant, u j ik is the angle formed byr i j and r ik , and Q(r 0

TABLE I. Two-body potential parameters for each atom type.

Atom type s i(Å) Zi(e) a i(Å
3)

Ga 0.95 0.9418 0
As ~of GaAs! 1.498 20.9418 2
In 1.018 1.1276 0
As ~of InAs! 1.605 21.1276 2

TABLE II. Two-body potential parameters for each atom pair type.

Atom pair type Ai j (10219 J) h i j Wi j (10218 J Å6)

Ga–Ga 16.4984 7 0
Ga–As 2.0623 9 58.916

As–As ~GaAs! 2.0623 7 0
In–In 5.3872 7 0
In–As 0.6734 9 0

As–As ~InAs! 0.6734 7 0
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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2rij)Q(r02rik) are step functions. The three-body cuto
length r 0 and the characteristic lengthl are set to 3.8 and 1
Å, respectively. The parameters used for three-body po
tials are listed in Table III.

The adjustable parameters in Eqs.~2! and ~4! are deter-
mined so that results from a set of experimental data
first-principle electronic-structure calculations are rep
duced. MD simulation results, based on our potentials, ag
well with the experimental crystalline lattice constants, c
hesive energies, elastic constants, surface energies,36,37 high-
pressure structural transitions,42 phonon density of states
and neutron-scattering data for liquid and amorpho
structures.41

In the InAs/GaAs nanomesas, atoms at the InAs/Ga
interface reside in a mixed environment of InAs and GaA
For these atoms, we have developed a scheme that com
interatomic potentials of binary materials~InAs and GaAs!
in such a way that the resulting potential depends on
local chemical composition. In such a system involving G
In, and As, we use an environment-dependent linear inte
lation scheme to combine the interatomic potentials
GaAs and InAs.43,44 Such an interpolation scheme can
generally applied to systems containing an interface betw
two bulk materials. In this adaptive scheme, As atoms
classified into different types according to the number of
and In neighbor atoms:

~i! For the two different cations~Ga and In!, the two-
body potential between them is the average of the cati
cation interaction potentials in the pure compounds~GaAs
and InAs!,

VGa–In
~2! 5

VGa–Ga
~2! 1VIn–In

~2!

2
. ~5!

~ii ! The first neighbor shell of each cation is As, where
the first neighbor of As is either Ga or In. Therefore, we ha
five different neighbor configurations for As and, cons
quently, five different types of As in the alloy. The two-bod
interaction potential between As interpolates the potential
the pure compounds. The As–As interaction potential is
terpolated as follows:

VAsx– Asy

~2! 5
22x2y

2
VAs0– As0

~2! 1
x1y

2
VAs1– As1

~2! , ~6!

where x, y5n/4 (n50,...,4), andn is the number of In
neighbors around the As atom. There are five different
types ~corresponding ton50,...,4): ~1! As with four Ga
neighbors, i.e., As in pure GaAs;~2! As with three Ga neigh-
bors and one In neighbor;~3! As with two Ga neighbors and

TABLE III. Three-body potential parameters for each atom triplet.

Atom triplet Bjik(10219 J) Cjik ū j ik(deg)

As–Ga–As 7.9 20 109.47122
Ga–As–Ga 7.9 20 109.47122
As–In–As 1.3 4 109.47122
In–As–In 1.3 4 109.47122
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two In neighbors;~4! As with one Ga neighbor and three I
neighbors; and~5! As with four In neighbors, i.e., As in pure
InAs.

~iii ! The three-body interaction potential Ga–As–In
the average of the three-body interactions in the pure c
pounds:

VGa–As–In
~3! 5

VGa–As–Ga
~3! 1VIn–As–In

~3!

2
. ~7!

All the remaining two- and three-body interactions a
the same as those in the pure compounds.

III. SURFACE ENERGIES OF GaAs AND InAs
SURFACES

We have used MD simulations to calculate surface en
gies for the~100!, ~110!, and~111! orientations of GaAs and
InAs. Two sets of calculations are performed:~1! those based
on interatomic potentials of the form of Eq.~1!, without
modeling surface atoms, i.e., the surface atoms are treate
bulk atoms and surface reconstruction is not taken into
count; and~2! calculations based on a model interaction f
GaAs~100! and InAs~100! surfaces. We note that, althoug
the interaction potentials we use are highly accurate, it wo
be too much to expect that these interatomic potentials,
veloped to reproduce the bulk properties of the materi
will also provide an absolutely accurate description of s
face reconstructions effects. Therefore, at best, we ex
only a qualitative agreement in surface energies descript
However, this simple treatment may provide valuable gu
ance in the modeling of GaAs and InAs surface atoms. In
next section, we will present results based on the interac
model for GaAs~100! and InAs~100! surfaces.

In the calculation of GaAs~100! surface energy, we star
with a slab supercell of size 28.266 Å328.266 Å
328.266 Å ~i.e., 53535 unit cells! containing 1000
atoms.45 The z axis is ~001! oriented and a 10 Å gap is
inserted in thez direction to create two GaAs~100! surfaces,
which are As and Ga terminated, respectively. Perio
boundary conditions are applied only in thex and y direc-
tions, which are@100# and@010#, respectively. The equation
of motion are integrated using a reversible symplec
algorithm46 with a time stepDt52.0 fs. The system is firs
quenched to 0 K every 10Dt for 200Dt, i.e., the velocities of
all the atoms are set to zero every 10Dt. Subsequently, we
quench the system with a factor of 0.3 every 10Dt for
200Dt, i.e., the velocities of all atoms are multiplied by
factor of 0.3 every 10Dt. Then, the system is quenched wi

TABLE IV. MD, CG, ab initio calculations, and experiment results fo
GaAs surface energies of the~100!, ~110!, and~111! orientations.

Orientations ~110! ~100! ~111!

MDa 0.621 J/m2 1.692 J/m2 0.722 J/m2

CGa 0.621 J/m2 1.692 J/m2 0.722 J/m2

Ab initiob 0.83 J/m2 ;1.0 J/m2 ;0.96 J/m2

Experimetc 0.8760.1 J/m2 N/A N/A

aWithout modeling surface atoms.
bFrom Ref. 36.
cFrom Ref. 47.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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a factor of 0.6 every 10Dt for 200Dt, followed by a quench-
ing with a factor of 0.9 every 10Dt for 400Dt. Finally, the
system is allowed to relax at system temperatures aro
0.0001 K for time period of 13 000Dt. At this point, the
system is in an equilibrium state and we calculate the ene
^E&, which corresponds to the GaAs cube with tw
GaAs~100! surfaces.

The GaAs~100! surface energy is calculated from

g5
^E&2^E&bulk

2A
, ~8!

where^E&bulk is the GaAs bulk energy andA is the surface
area. We have also used the conjugate gradient~CG! method
to calculate the energŷE& in Eq. ~8! for the same setup as i
the MD simulation. The results are given in Table IV.36,47 In
this article, we have used the same numerical procedure
that employed to obtain the results of Table IV, for all t
MD simulations and CG calculations.

The MD results of GaAs surface energies for t
GaAs~110! and GaAs~111! orientations are reasonable com
pared with theab initio calculations and fracture exper
ments, having an approximately 25% difference. It turns
that the GaAs~110! surface is stoichiometric, i.e., there a
equal numbers of Ga and As atoms on the surface and
the cleavage plane. Such a cleavage surface does not re
struct, and only a relaxation of surface atomic positio
within the (131) surface unit cell is observed. On the oth
hand, the MD results for GaAs~100! surface energy differ
substantially from theab initio calculation~;63% higher!.
The reason is that the~100! surface is polar, i.e., the plane
parallel to the surface consist of either Ga or As atoms. A
result, the~001! surface displays various reconstructions, n
describable by our model potentials, if the surface atoms
not treated in a special way~See Sec. IV!.

We have also calculated InAs surface energies for
~100!, ~110!, and ~111! orientations using MD simulation
and the CG method. These results are shown in Table
From Table V we find that the MD results for InAs surfa

TABLE V. MD, CG, andab initio calculations for InAs surface energies o
the ~100!, ~110!, and~111! orientations.

Orientations ~110! ~100! ~111!

MDa 0.333 J/m2 1.126 J/m2 0.464 J/m2

CGa 0.333 J/m2 1.125 J/m2 0.463 J/m2

Ab initiob 0.656 J/m2 ;0.704 J/m2 ;0.672 J/m2

aWithout modeling surface atoms.
bFrom Ref. 37.

TABLE VI. Two-body potential parameters for each atom type on the s
face.

Atom type s i(Å) Zi(e) a i(Å
3)

Ga2 1.1~0.95!a 0.6660 0
As2 ~of GaAs! 1.498 20.6660 2
In2 1.36 0.79733 0
As2 ~of InAs! 1.87 20.79733 2

aFor the interaction between two Ga2 atoms only, use 1.1, otherwise
0.95.
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energies agree well with those based on the CG method.
is as expected, since the same description of interatomic
teractions has been used in both methods. It is also fo
that the MD results of InAs surface energies for the~110!
and~111! orientations are reasonable compared withab initio
calculations, which is not the case for the~100! surface. The
reason for this discrepancy is similar to that for GaAs~100!,
as discussed in the previous paragraph.

IV. MODEL POTENTIAL FOR GaAs „100… AND
InAs „100… SURFACE

Based onab initio calculations and experimental mea
surements, such as surface energies and dimer lengths
have developed model potentials for GaAs~100! and
InAs~100! surface atoms. Not only do these model potenti
reproduce well the surface energies for the~100! orientation,
these also yield dimer lengths in accordance with theab
initio calculations.

The model for GaAs~100! and InAs~100! surface atoms
has four different types of surface atoms: Ga, As of GaA
and In, As of InAs. These atoms are denoted as: Ga1 for b

FIG. 1. Two-body interactions between GaAs~100! surface atoms.
V(Ga2 – Ga2) is the interatomic potential between Ga surface atoms,
V(As2 – As2) is the interatomic potential between As of GaAs surface
oms.

-

se

TABLE VII. Two-body potential parameters for each atom pair type on t
surface.

Atom pair type Ai j (10219 J) h i j Wi j (10218J Å 6)

Ga2–Ga2 16.4984 7 211
Ga2–As1 2.0623 9 70
Ga1–As2 2.0623 9 65
As2–As2~GaAs! 2.0623 7 220
In2–In2 5.3872 7 305
In2–As1 0.6734 9 65
In1–As2 0.6734 9 45
As2–As2~InAs! 0.6734 7 335
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Ga, Ga2 for surface Ga, As1 for bulk As, As2 for surface A
In1 for bulk In, and In2 for surface In. Each type of surfa
atom is treated as a new species of atom, different from
bulk counterpart. The two-body interactions for bulk atom
of GaAs and InAs are described in Eq.~2!. The two-body
interactions between surface atoms, as well as those betw
surface atoms and bulk atoms, are also in the form of Eq.~2!,
but with different parameters. These parameters include
effective atomic charges, the ionic radii, and the van d
Waals strengths. The effective atomic charges of surface

FIG. 2. Two-body interactions between GaAs~100! surface and bulk atoms
compared to the two-body interactions between bulk GaAs.V(Ga1 – As1) is
the interatomic potential between bulk Ga and As,V(Ga2 – As1) is the
interatomic potential between surface Ga and bulk As, andV(As2 – Ga1) is
the interatomic potential between surface As of GaAs and bulk Ga.

FIG. 3. Two-body interactions between InAs~100! surface atoms.
V(In2 – In2) is the interatomic potential between In surface atoms,
V(As2 – As2) is the interatomic potential between As of InAs surface ato
Downloaded 10 Feb 2004 to 128.125.162.26. Redistribution subject to AI
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oms are chosen to be 1/& of that of their bulk counterparts
Other parameters, namely, the ionic radii and the van
Waals strengths, are determined through a trial-and-e
process. The values of the two-body parameters
GaAs~100! and InAs~100! surface atoms are listed in Table
VI and VII. As far as three-body interactions are concerne
the surface atoms are like their bulk counterparts, as
scribed in Eq.~4!.

Figure 1 shows two-body interactions betwee
GaAs~100! surface atoms. A minimum is found at a distan
of ;2.4 Å, which is roughly the dimer length. Figure 2 com
pares the two-body interactions between GaAs~100! surface
and bulk atoms and the two-body interactions between b
atoms in GaAs. We find that the bulk potential is lower th
the potential between surface and bulk atoms. This also h
for InAs~100!, as shown in Figs. 3 and 4.

d
s.

FIG. 4. Two-body interactions between InAs~100! surface and bulk atoms
compared to the two-body interactions between bulk InAs.V(In1 – As1) is
the interatomic potential between bulk In and As,V(In2 – As1) is the inter-
atomic potential between surface In and bulk As, andV(As2 – In1) is the
interatomic potential between surface As of InAs and bulk In.

FIG. 5. ~Color! As (132) and Ga (132) dimers on GaAs~100! surfaces.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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The model potential for GaAs~100! and InAs~100! sur-
face atoms reproduces well the surface energies.
GaAs~100! surface energy calculated by MD is 1.03 J/m2,
which is slightly larger than theab initio result of;1.0 J/m2.
For InAs~100! surface energy, the MD result is 0.640 J/m2,
close to theab initio result of;0.704 J/m2. In addition, the
model potential yields (132) dimer on both the GaAs~100!
and InAs~100! surfaces. Figure 5 shows a cross-sectio
view of a GaAs slab with~100! oriented surfaces terminate
by As and Ga atoms; As(132) and Ga(132) dimers are
observed at the top and bottom, respectively. Similarly
cross-sectional view of the InAs slab in Fig. 6 shows As
32) and In(132) dimers at the top and bottom, respe
tively.

The dimer bond lengths of As and Ga surface atoms
GaAs~100! are listed in Table VIII. The MD simulations
yield an As(132) dimer bond length of 2.45 Å, which
agrees well with the value of 2.51 Å obtained from theab
initio calculations~the difference is only 2%!. The MD result
also agrees well with theab initio calculations for the
b2(234) anda(234) dimer bond lengths, which are 2.5
and 2.45 Å, respectively.

Table VIII also shows that the MD result for the Ga(
32) dimer agrees well withab initio calculations. The MD
simulations yield Ga(132) dimer bond lengths of 2.39 Å
which is in good agreement with the value of 2.31 Å o
tained from theab initio calculations of the same dimer. Th
MD result also agrees well with theab initio calculations for
the b2(234) anda(234) dimer bond lengths, which ar

FIG. 6. ~Color! As (132) and In (132) dimers on InAs~100! surfaces.

TABLE VIII. Dimer bond lengths on GaAs~100! surfaces fromab initio
calculation, atomistic results based on the model potential for GaAs~100!,
and the % error.

d(As2 – As2) d(Ga2 – Ga2)

Ab initioa (132) dimer 2.51 Å 2.31 Å
Atomisticb (132) dimer 2.45 Å 2.39 Å

Error of atomisticb % 22.4 3.5
Ab initioc b2(234) dimer 2.50 Å 2.40 Å
Ab initioc a(234) dimer 2.45 Å 2.50 Å

aFrom Ref. 38.
bThe model potential for surface atoms.
cFrom Ref. 36.
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2.40 and 2.50 Å, respectively. The bond lengths and an
for As(132) and Ga(132) dimers are shown in Table IX
Again, the MD results are close to theab initio calculations.
Note that only the two-body interaction parameters of
surface atoms have been fitted according toab initio calcu-
lations of surface energies and dimer bond lengths~not in-
cluding bond angles information!, and the three-body inter
action parameters have not been changed. So, we can tes
model by comparing the bond angles of our MD results w
those ofab initio calculations, and the difference is at mo
15%, as shown in Table IX. For the InAs~100! surface, there
are onlyab initio calculations for the As(132) dimer, and
they agree well with the MD results; see Table X. Table
shows the MD results of bond lengths and angles for As
32) and In(132) dimers on InAs~100! surfaces. Similarly,
only the two-body interaction parameters of the surface
oms have been fitted according toab initio calculations, and
the three-body interaction parameters are unchanged.

V. FLAT InAs OVERLAYERS ON GaAs SQUARE
NANOMESAS

In the following two sections, we report MD simulation
of nanomesas witĥ100& oriented square base and$101%-type
sidewalls on GaAs~001! substrates. We have investigate
mechanical stresses and the in-plane lattice constant of I
layers parallel to the InAs/GaAs~001! interface in the na-
nomesas. Figure 7 shows a schematic of an InAs/GaAs
nomesa withn ML InAs overlayer, ^100& oriented square
base, and$101%-type sidewalls on a GaAs~001! substrate. Pe-
riodic boundary conditions are applied to the GaAs subst
of sizeL5474.9 Å in bothx andy directions. We have teste
the convergence with respect to the system sizeL, by per-

TABLE IX. Bond lengths and angles of As(132) and Ga(132) dimer on
GaAs~100! surfaces fromab initio calculations, atomistic results based o
the model potential for GaAs~100!, and the % error.

Ab initioa

(132) dimer
Atomisticb

(132) dimer
Error
~%!

d(As2 – Ga1) 2.40 Å 2.39 Å 20.4
u~As2–Ga1–As1!-1 101.14° 102.29° 1.1
u~As2–Ga1–As1!-2 118.20° 115.49° 22.3
u~Ga1–As2–Ga1! 108.87° 113.66° 4.4

d(Ga2 – As1) 2.30 Å 2.33 Å 1.3
u~Ga2–As1–Ga1!-1 84.01° 96.49° 15
u~Ga2–As1–Ga1!-2 122.05° 116.79° 24.3
u~As1–Ga2–As1! 115.60° 118.02° 2.1

aFrom Ref. 38.
bThe model potential for surface atoms.

TABLE X. Dimer bond lengths of As(132) and In(132) on InAs~100!
surfaces from experiment and atomistic results based on the model pote
for InAs~100!.

As2–As2 In2–In2

Atomistica (132) dimer 2.44 Å 2.35 Å
Experimentb b2(234) 2.44 Å, 2.47 Å N/A

aThe model potential for surface atoms.
bFrom Ref. 1. The two values correspond to upper and lower dimer b
lengths, respectively.
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forming another simulation in whichL is increased to 543 Å
with all the other dimensions fixed. The in-plane lattice co
stant in this case differs at most 0.05%, suggesting that
finite-size effect is negligible. The top size of the GaAs me
is 124.4 Å3124.4 Å and the system consists of 2,205,1
atoms.

We construct an initial MD configuration of the InAs
GaAs nanomesa with a 16 ML InAs overlayer, in which t
lattice constant of InAs is set equal to that of GaAs. T
equations of motion are integrated using a reversible s
plectic algorithm46 with a time stepDt of 2.0 fs. The system
is first quenched to 0 K for 10Dt, i.e., the velocities of all
atoms are set to zero everyDt. Subsequently, we quench th
system with a factor of 0.8 whenever the temperature of
system is higher than 3 K, every 5Dt for 5000Dt.

At the atomic level, the stress tensor can be determi
by computing the interatomic forces arising from interactio
between neighboring atoms. In this approach, the stres
assigned to either small regions of space or to individ
atoms. However, the stresses are not uniquely defined on
atomistic level because stress is inherently related to the
sumption of continuity. In MD simulations, stresses norma

TABLE XI. Bond lengths and angles of As(132) and In(132) dimer on
InAs~100! surfaces from atomistic results based on the model potentia
InAs~100!.

Atomistca (132) dimer

d(As2 – In1) 2.63 Å
u~As2–In1–As1!-1 102.75°
u~As2–In1–As1!-2 118.27°
u~In1–As2–In1! 108.79°

d(In2 – As1) 2.65 Å
u~In2–As1–In1!-1 101.16°
u~In2–As1–In1!-2 119.42°
u~As1–In2–As1! 107.91°

aThe model potential for surface atoms.
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need to be calculated over length scales of a few interato
distances. Also, the symmetry of the stress tensor has t
preserved. Furthermore, the atomistic stress should va
for systems, which are expected to be under zero stress~for
example, an ideal crystal in equilibrium!. In our calculations,
atomic-level stresses have been defined using the virial
proach. Thus, the stress tensor associated with an atoi,
sab

i , is calculated using

sab
i 5

1

V i
K (

i
miv i

av i
b1

1

2 (
i

(
j

r i j
a f i j

b L , ~9!

where (a,b)[(x,y,z), mi andv i are the mass and velocit
of the atomi, f i j is the force acting on atomi due to atomj,
r i j is the vector connecting atomsi and j, and V i is the
average atomic volume, associated with the atomi. Figure 8
show atomic-level hydrostatic stresses~defined as @sxx

1syy1szz#/3) in the InAs/GaAs nanomesa with a 16 M
InAs overlayer, after quenching for 5000Dt.

FIG. 7. ~Color! Schematic of an InAs/GaAs nanomesa with^100& oriented
square base and$101% sidewalls on a GaAs~001! substrate.

r

-
L

ans
of
FIG. 8. ~Color! Atomic-level hydrostatic stress distribu
tion in an InAs/GaAs square nanomesa with a 16 M
InAs overlayer after being quenched for 5000Dt. Nega-
tive pressure means tensile and positive pressure me
compressive. Note the presence of cracks at the top
the InAs overlayer.
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FIG. 9. ~Color! Atomic-level hydrostatic stress distribu
tion in an InAs/GaAs square nanomesa with a 12 M
InAs overlayer. Negative pressure means tensile a
positive pressure means compressive.
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The hydrostatic stress in the InAs layer is found to
tensile above;12 ML after the nanomesa has be
quenched for 5000Dt. Cracks develop on top of the na
nomesa, due to the tensile stress, see Fig. 8. However
hydrostatic stress in the InAs layer below;12 ML is still
compressive. We are interested in an InAs/GaAs square
nomesa with a 12 ML flat InAs layer, which is the thickne
observed experimentally.13 So, we remove the top 4 ML o
InAs from the 16 ML InAs overlayer, and quench the syste
to 0 K. Subsequently, we quench the system with a facto
0.3 whenever the temperature of the system is higher t
0.5 K, every 5Dt for 500Dt. Then, the system is quenche
with a factor of 0.8 whenever the temperature of the sys
is higher than 0.5 K, every 5Dt for 29 500Dt. At this point,
the InAs/GaAs nanomesa with a 12 ML InAs overlayer is
a mechanically stable state.

Figure 9 shows atomic-level hydrostatic stresses in
InAs/GaAs nanomesa with a 12 ML InAs overlayer. Due
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the lattice mismatch, a tensile stress well is formed in Ga
immediately below the InAs/GaAs interface. In Fig. 10 w
show a cross-sectional view of the atomic stress compon
sxx in the InAs/GaAs square nanomesa with a 12 ML In
overlayer. In the InAs layer,sxx is found to be compressive
and in GaAs near the InAs/GaAs interface, tensile. The
plane lattice constant of the InAs layer gradually increa
with the number of InAs monolayer.

The lattice mismatch between InAs and GaAs, as wel
the geometry of the nanomesa, play an important role in
relaxation of the InAs layers. The effect of lattice mismat
can be qualitatively isolated by studying a GaAs square
nomesa of exactly the same geometry as the InAs/G
square nanomesa, with the 12 ML InAs overlayer replac
by 12 ML of GaAs. The system is quenched and thermaliz
by scaling atomic velocities for 35 000 time steps. When
system reaches a mechanically stable state, the in-plane
tice constant of each monolayer of the 12 ML GaAs ov
-
-
s

FIG. 10. ~Color! Cross-sectional view of the atomic
level stress componentsxx in an InAs/GaAs square na
nomesa with a 12 ML InAs overlayer. The figure show
a slice at the center of the nanomesa.
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layer in the GaAs square nanomesa is calculated. It is fo
that the in-plane lattice constant increases monotonically
function of the layer number, with higher value than t
GaAs bulk lattice constant~5.653 Å!. The net increase in the
in-plane lattice constant of the 12 ML GaAs overlayer w
respect to the GaAs bulk value is caused by the geometr
the nanomesa. This net increase is subtracted from the
plane lattice constant of the corresponding 12 ML InAs ov
layer in the InAs/GaAs nanomesa to isolate the effect
lattice mismatch.

In Fig. 11 we show the in-plane lattice constant of ea
monolayer of the 12 ML InAs overlayer on the InAs/GaA
nanomesa, before and after subtracting the net increase o
in-plane lattice constant of the corresponding 12 ML Ga
overlayer on the GaAs nanomesa. The subtracted in-p
lattice constant of the twelfth InAs monolayer is 6.083
which is slightly larger than the InAs bulk value~6.058 Å!.
We have also performed similar simulations for InAs/Ga
square nanomesa with 14 and 16 ML InAs overlayers.
these nanomesas, the hydrostatic stresses in InAs layer
tensile above the twelfth monolayer, in contrast to the co
pressive stresses in the InAs layers below the twelfth mo
layer. The hydrostatic stress in the InAs layer plays an
portant role in the energetic stability of the system,
evidenced by Fig. 8, in which the energetically unstable
nomesa has an overlayer of 16 ML InAs. Cracks are foun
develop on top of the nanomesa, due to the tensile st
above ;12 ML, after the nanomesa being quenched
5000Dt. However, in the energetically stable nanomesa t
contains an overlayer of 12 ML InAs, as shown in Fig. 9, t
topmost InAs layer remains intact and the hydrostatic str
in that layer is compressive. Therefore, the change fr
compressive to tensile stress may explain the experime
finding that the growth of flat InAs overlayers is self-limitin
to ;11 ML on GaAs nanomesas.13

Recently, continuum elasticity theory has been succe
fully used to explain and fit atomistic simulation results
strained-layer heteroepitaxial systems.48 A hybrid MD/finite-

FIG. 11. In-plane lattice constant of each monolayer of the 12 ML In
overlayer on the InAs/GaAs nanomesa, before and after it is subtracte
the net increase of in-plane lattice constant of the corresponding 12
GaAs overlayer on the GaAs nanomesa.
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element simulation approach has been developed to pro
atomistic description near the interface and continuum
scription deep into the substrate.49,50 Not only does such a
multiscale approach increase the accessible length scal
also greatly reduces the computational cost.

VI. CRITICAL LATERAL SIZE FOR STRESS DOMAIN
FORMATION IN InAs ÕGaAs SQUARE NANOMESAS

In this section, we investigate the lateral size effects
the stress distribution and morphology of InAs/GaAs squ
nanomesas with$101%-type sidewalls. The simulations in
volve a larger nanomesa than the one shown in Fig. 7.
larger nanomesa has a size ofL5916 Å in both x and y
directions, with a GaAs mesa top size of 407 Å3407 Å.
This system consists of 8.5 million atoms. The two nanom
sas have the same geometry and the heights of both the G
substrate and the mesas are kept the same. In the follow
we denote the two nanomesas by their GaAs mesa top
i.e., the larger mesa is denoted as a ‘‘407 Å nanomesa’’
the smaller mesa as a ‘‘124 Å nanomesa.’’ Periodic bound
conditions are applied to the 407 Å nanomesa in bothx and
y directions. The initial configuration of the InAs/GaAs n
nomesa is constructed by setting the lattice constant of I
the same as that of GaAs. The equations of motion are i
grated with a reversible symplectic algorithm46 using a time
step of 2.0 fs. Similar to the quench and relaxation proc
for the 124 Å nanomesa, the 407 Å nanomesa is quenc
and relaxed by scaling atomic velocities for 56 000 tim
steps. After the system reaches a mechanically stable s
the atomic-level hydrostatic stresses are calculated.

Figure 12 shows these stress in the vertical cross sec
at the center of the 124 and 407 Å nanomesas. In G
immediately below the InAs/GaAs interfaces, tensile str
wells are formed due to the lattice mismatch. Figure 12~a!
shows that in the 124 Å nanomesa the hydrostatic stres
the InAs overlayer is compressive~with respect to the InAs
bulk lattice constant! and is homogeneous near the interfac
However, in the 407 Å nanomesa shown in Fig. 12~b!, the
hydrostatic stress in the InAs overlayer is inhomogene
and consists of a highly compressive domain at the cente
the InAs overlayer, whereas the peripheral region of the In
overlayer is less compressive.

Figure 13 shows vertical displacements of As atoms
the first As layer above the first In layer in the 124 and 4
Å nanomesas. The vertical displacement is measured
respect to a reference position ofz5314 Å. In order to show
the details of the morphology of the layer, the vertical d
placement of each atom has been magnified by a facto
40. For the 124 Å nanomesa shown in Fig. 13~a!, the As
layer is ‘‘dome’’ shaped, in which atoms have an upwa
displacement of;0.8 Å at the center and a downward di
placement of;0.5 Å at the edges. In contrast, the As layer
the 407 Å nanomesa shows a ‘‘dimple’’ at the center of t
mesa, see Fig. 13~b!. At the ‘‘rim’’ and ‘‘bottom’’ of the
dimple, atoms have upward displacements of;1.0 and;0.5
Å, respectively, while atoms at the edges have a downw
displacement of;1.6 Å. The dimple is located at roughly th
same position as the enhanced compressive stress do
shown in Fig. 12~b!. The morphology of the nanomesa, d

by
L
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FIG. 12. ~Color! Atomic-level hydrostatic stress in the cross sections through the center of the~a! 124 Å, and~b! 407 Å nanomesas.
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scribed by the vertical displacements of As atoms in the fi
As layer above the first In layer, together with the stre
distribution in the nanomesa, which is evidenced by
stress domains in the InAs overlayers, largely determine
energetic state of the nanomesa. In the 124 Å nanom
shown in Fig. 13~a!, the morphology of the As layer is regu
lar and smooth, and the hydrostatic stress in the InAs o
layer is homogeneous~containing only one domain!. In the
407 Å nanomesa shown in Fig. 13~b!, however, the morphol-
ogy of the As layer is irregular and rough, and the hyd
static stress in the InAs overlayer is inhomogeneous~con-
taining multiple domains!. This provides clear evidence tha
there exists a critical lateral size for such stress domain
mation. It is found that the morphology of the As layer
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Fig. 13~b! is a superposition of four domes whose sizes
estimated to be;30 nm. The existence of such stress d
mains is consistent with the experimental findings for t
deposition of InAs on GaAs stripe mesa tops:14 the number
of parallel chains of InAs islands varies from 3 to 1 as t
stripe width goes from 100 to 30 nm, i.e., in multiples
;30 nm of GaAs mesa lateral sizes.

The structural correlations in the InAs/GaAs nanome
are analyzed by calculating the pair distribution functi
~PDF!, g(r ), which gives the probability of finding a pair o
atoms a distancer apart, relative to the probability for a
completely random distribution at the same density. Fig
14~a! shows the In–In and In–As PDFs that are averag
over the whole 124 Å nanomesa. The In–In and In–As PD
FIG. 13. ~Color! Vertical displacement of As atoms in the first As layer above the first In layer in the~a! 124 Å, and~b! 407 Å nanomesas.
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averaged over the whole 407 Å nanomesa are shown in
14~b!. For the 124 Å nanomesa, the In–In PDF has only o
first-neighbor peak at 4.30 Å~which is slightly larger than
the InAs bulk value, 4.28 Å!; see Fig. 14~a!. This suggests
that the lattice spacing in the InAs overlayer is mostly
laxed to its bulk value. For the 407 Å nanomesa, howev
the first-neighbor peak of the In–In PDF is split into tw
subpeaks: 4.06 and 4.31 Å; see Fig. 14~b!. The 4.06 Å sub-
peak is close to the GaAs bulk value, 4.00 Å, and the 4.3
subpeak is slightly larger than the InAs bulk value, 4.28
On the other hand, the In–As PDFs in the two nanome
show that the first-neighbor peak positions are essentially
same as the InAs bulk value.

In order to understand the origin of the split firs
neighbor peak in In–In PDF in the 407 Å nanomesa,
calculate the in-plane@i.e., parallel to the InAs/GaAs~001!
interface# In–In PDF that is averaged over each InAs lay

FIG. 14. In–In and In–As pair distribution functions in the~a! 124 Å, and
~b! 407 Å nanomesas.

FIG. 15. ~a! In–In pair distribution function and~b! the in-plane In-In pair
distribution function of InAs layer parallel to the InAs/GaAs~001! interface,
in the 12 ML InAs overlayer of the 407 Å nanomesa.
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Figure 15~a! shows the In–In PDF that is averaged over t
whole 407 Å nanomesa. The sum of the in-plane In–In PD
in each InAs layer is shown in Fig. 15~b!. It can be seen tha
the first subpeak in Fig. 15~a! coincides with the first peak in
Fig. 15~b!. This shows that the first subpeak of the In–
PDF is entirely due to in-plane correlations in each In
layer. On the other hand, the second subpeak in the In
PDF is due to the interplane correlations in the 407 Å n
nomesa. In other words, the InAs overlayer is laterally co
strained to the GaAs lattice near the interface but vertica
relaxed to a value that exceeds the InAs lattice.

VII. SUMMARY

We have developed model potentials for GaAs~100! and
InAs~100! surface atoms. Surface energies of GaAs and In
for the ~100!, ~110!, and~111! orientations have been calcu
lated. Both MD and the CG method are used and the res
are in excellent agreement. Surface reconstructions
GaAs~100! and InAs~100! are studied via the CG method
Not only do these model potentials reproduce well the s
face energies for the~100! orientation, these also yield (1
32) dimer lengths in accordance withab initio calculations.

We have performed large-scale MD simulations of InA
GaAs square nanomesas with$101%-type sidewalls. Qualita-
tively, the effect of lattice mismatch can be isolated by stud
ing GaAs square nanomesas of exactly the same geomet
the InAs/GaAs nanomesas, with the InAs overlayers repla
by GaAs overlayers. After isolating the effect of lattice mi
match, it is found that the InAs in-plane lattice constant sta
to exceed the InAs bulk value at 12 ML. Moreover, the h
drostatic stresses in InAs layers are tensile above;twelfth
monolayer, in contrast to the compressive stresses in
InAs layers below;twelfth monolayer. Therefore, it is no
energetically favorable to have InAs overlayers thicker th
12 ML.

We have also performed multimillion-atom molecul
dynamics simulations of InAs/GaAs square nanomesas w
$101%-type sidewalls to investigate the lateral size effect
the stress distribution and morphology. The simulations in
cate the existence of a critical lateral size for stress dom
formation in accordance with recent experimental findings
single stress domain is found in small~<40 nm! mesa,
whereas a larger mesa contains two stress domains. It is
found that, in the larger nanomesa, the InAs overlayer
laterally constrained to the GaAs bulk near the interface
vertically relaxed to slightly above the InAs bulk.
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