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A model potential for GaAd00 and InAg100 surface atoms is developed and surface
reconstructions on GaAB00) and InA$100 are studied with the conjugate gradi€6iG) method.

Not only does this model reproduce well surface energies fof16 orientation, it also yields
(1x2) dimer lengths in accordance witth 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 InAsfG@8s
interface are found to exceed the InAs bulk value at the twelfth mono(&jley 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 methods20@3 American
Institute of Physics.[DOI: 10.1063/1.1609049

I. INTRODUCTION The large(up to ~7%) lattice mismatch and associated
strain at the InGaAs/GaAB0l) interfaces have recently
Surface energies of GaAs and InAs play a major role inbeen utilized to fabricate a number of nanostructfiréd.
the formation of islands during heteroepitaxy. The moleculaThe strain relief leads to the formation of coherent three-
beam epitaxicalMBE) growth of InAs on GaA&L00 planar  dimensional(3D) island structures on infinite planar sub-
substrates is known to be in the Stranski—Krastaf®)  strates with the InAs deposition 6f1.6 ML.1**When these
mode. During the initial stage of the MBE growth, a Wetting 3D islands are capped by an appropriate material, they pro-
layer forms. Further deposition of InAs leads to the forma-yide nanostructures for the study of electronic quantum be-
tion of three-dimensional InAs iSlandS, since the surface €Nhavior in zero dimensidﬁ_lswith app"cations in electronic
ergy of InAs is lower than that of GaAs. and optoelectronic devicés-" The stress/strain distribution
Within the family of zinc-blende IlI-V semiconductors, plays an important role in the electronic structure of the re-
a great deal of attention has focused on the G&08 sur-  syiting quantum dots. This has prompted investigations of
face due to its importance in electronic and optoelectroniGiress/strain distributions for capped pyramidal islands on
devices. In the past decade, numerous state-of-the-art theBranar substrates based on atomistic simulatlr# finite
retical and experimental techniques have sought to uncovliement® and finite differenc® implementations of con-
the atomic structure of GaAB00."~" A general consensus tinyum elasticity theory, and analytical models based upon
has been reached concerning the As-stabilized reconstruggntinuum elasticity theor? The island structures are
tion, most notably the 24 andc(4X4) phases. In particu-  formed prior to capping because of the stress, induced due to
lar, the atomic structure of the As-rich GaAs(1082{2  gypstrate—overlayer lattice mismatch. This has been system-
X 4) surface has been determined using scanning tunnelmgdca"y examined through a study of the growth of InAs on
microscopy (STM) and first-principles electronic-structure planaf~1'and patterned—14GaAg001) substrates. On stripe
calculations’ mesas of sub-100-nm widths on G4881) substrates, depo-
sition of InAs is shown to allow self-assembly of three, two,
dElectronic mail: priyav@usc.edu and single chains of InAs 3D island quantum dots selectively
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on the stripe mesa tops for widths decreasing from 100 nmABLE I. Two-body potential parameters for each atom type.
down to 30 nnt? For laterally finite mesas, experiments re-

3
veal that when InAs is deposited da00 oriented GaAs Atom type oih) (@ (A
square mesas of size75 nm, the island morphology is sup- G2 0.95 0.9418 0
pressed and, instead, a continuous film with flat morphology (©f G349 1'428 _3'3;718 2
is observed? Indeed, the InAs film growth is self-limiting :s (of InAs) 1:202 _1'_127% 20

and stops at-11 ML.*® In order to understand the self-
limiting nature of the InAs film growth on nanomesas, it is

important to determine mechanical stresses at the atomistic

level and the in-plane lattice constant of InAs layers in theinteraction due to charge transfer, charge-induced dipole in-
InAs/GaAs square nanomesas. teraction due to large polarizability of negative ions, and van

In recent years, atomistic simulations and first-principleder Waals interactions:

simulations have been widely used to study structural, dy- +o\T ZZ
. . . . (2) giT0j =1 =i I
namical, electronic, and mechanical properties of such Vi (rij)=A; - Tt e
systems®~3 Using the density-functional approach, Moll ' l
et al. have calculated the surface energies of GaAs and InAs aizj2+ o[jzi2 W
for the (100), (110), and(111) orientations’®3” They obtain T a e e i)

the absolute surface energies for different orientations di- 4 il
rectly and consistently with the same set of parameters and The first term represents steric repulsion, which is de-
pseudopotentials without introducing a reference surfacescribed by strength prefactors for steric repulshgn, ionic
The surface energies are determinea total-energy calcu- radii oy and o, and the exponents of steric repulsigy) .
lations using density-functional theorDFT) with local-  The second term is the Coulomb interaction due to charge
density approximation(LDA) applied to the exchange- transfer and contains the effective atomic chargeandZz;
correlation functional. Qiaret al. have carried out total- as parameters. The screening length of the Coulomb interac-
energy density functional calculations to study thetion, ri, is setto 5.0 A. The third term corresponds to the
reconstruction of GaA400) surfaces as a function of Ga and charge dipole interaction due to large polarizability of nega-
As surface coverag®.Equilibrium atomic geometry and en- tive ions. The screening length for charge-dipole interactions,
ergies for Ga- and As-stabilizedx2, 2x1, and 22 sur- s, IS set to 3.75 A. The last term is the induced dipole—
faces consisting of various combinations of dimers and vadipole interaction, containing the van der Waals strengths
cancies have been determined. Wij;. The values of the two-body parameters are listed in
In this article, we report the molecular dynamid¢dD)  Tables I and II. The two-body cutoff length is set to 7.5 A.
simulations of InAs/GaAs nanomesas withO0) oriented In order to make the potentials and forces continuous at the
square base anfll01} sidewalls on GaA®01) substrates. Value ofr., the following equation is employed:
The MD simulations are based on reliable interatomic _ ,
potential€®~*'that can successfully describe a wide range of Vij (i) = Vi (rij) = Vij(re) = Vi (re) (r = re). €
physical properties of InAs and GaAs. We have investigated ~Covalent effects are represented by three-body bond-
the mechanical stresses and in-plane lattice constants of InAending and bond-stretching terms. The three-body th
layers parallel to the InAs/GaAB01) interface in the na- includes bond angles and has the form:
nomesas. The MD simulations reveal that on G@a3%) p( | | )

square nanomesas, InAs overlayer thickness should be self- VE(ri,ri) =Bk ex +
limited to ~12 ML, as experimentally observed. Further- S . rj—ro rix—ro
more, these simulations indicate the existence of a critical _

lateral size for stress domain formation. Thus, as our simu- (COSGjik—COSGjik)Z
lations reveal, for nanomesas with top lateral sizes greater X
than 12.4 nm and less than 40.7 nm, the InAs overlayer is

1+ Cjik(cosejik_ Cosgjik)z

Iater_ally constrained t_o the GaAs bulk lattice constant near XO(ro—ri)O(ro—ry), (4)
the interface but vertically relaxed to the InAs bulk lattice _
constant. where B is the strength of the interactio; is a con-

stant, 6;;c is the angle formed by;; andrj., and ©(r,

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

II. InAs AND GaAs INTERATOMIC POTENTIALS

Atom pair type Aij(10710) 7 W;; (10718 J A%)
Our interatomic potentials for GaAs and InAs consist of Ga_Ga 16.4984 7 0
two- and three-body terms, Ga-As 2.0623 9 58.916
As-As (GaAs 2.0623 7 0
V= VO(r )+ V(e r). 1 In—In 5.3872 7 0
2 VP + 3 ViR ) n-n 23672 ’ 0
As—As (InAs) 0.6734 7 0

The two-body terms represent steric repulsion, Coulomh
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TABLE Ill. Three-body potential parameters for each atom triplet. two In neighborsy4) As with one Ga neighbor and three In
- - — neighbors; and5) As with four In neighbors, i.e., As in pure
Atom triplet Bjix (102 J) Ciix 05 (deg) InA% @) 9 P
As—Ga—-As 7.9 20 109.47122 (i) The three-body interaction potential Ga—As—In is
Ga-As-Ga 7.9 20 109.47122  the average of the three-body interactions in the pure com-
As—In-As 1.3 4 109.47122 ounds:
In-As—In 1.3 4 109.47122 P ’
3 3)
V(g) _V(Gai—As—Géi_ Vl(n—As—In 7
Ga—As-In— 2 . ( )

All the remaining two- and three-body interactions are

—T1;;)O(ro—ry) are step functions. The three-body cutoff the same as those in the pure compounds.

lengthr, and the characteristic lengthare set to 3.8 and 1
A, respeqtlvely_. The parameters used for three-body poterm_ SURFACE ENERGIES OF GaAs AND InAs
tials are listed in Table IIl. SURFACES

The adjustable parameters in E¢®) and(4) are deter-
mined so that results from a set of experimental data and \We have used MD simulations to calculate surface ener-
first-principle electronic-structure calculations are repro-gies for the(100), (110, and(111) orientations of GaAs and
duced. MD simulation results, based on our potentials, agreAs. Two sets of calculations are performet): those based
well with the experimental crystalline lattice constants, co-On interatomic potentials of the form of Eql), without
hesive energies, elastic constants, surface eneftfiéhjgh- ~ modeling surface atoms, i.e., the surface atoms are treated as
pressure structural transitioﬁ%'phonon density of states, bulk atoms and surface reconstruction is not taken into ac-
and neutron-scattering data for liquid and amorphougount; and(2) calculations based on a model interaction for
structure$?! GaAg100 and InAg100) surfaces. We note that, although

In the InAs/GaAs nanomesas, atoms at the InAs/GaAdhe interaction potentials we use are highly accurate, it would
interface reside in a mixed environment of InAs and GaAsPe too much to expect that these interatomic potentials, de-
For these atoms, we have developed a scheme that combinégloped to reproduce the bulk properties of the materials,
interatomic potentials of binary materialiAs and GaAs Wil also provide an absolutely accurate description of sur-
in such a way that the resulting potential depends on théace reconstructions effects. Therefore, at best, we expect
local chemical composition. In such a system involving Ga,only a qualitative agreement in surface energies description.
In, and As, we use an environment-dependent linear interpdiowever, this simple treatment may provide valuable guid-
lation scheme to combine the interatomic potentials forance in the modeling of GaAs and InAs surface atoms. In the
GaAs and InA$%* Such an interpolation scheme can benext section, we will present results based on the interaction
generally applied to systems containing an interface betweefodel for GaA¢100 and InA<100 surfaces.
two bulk materials. In this adaptive scheme, As atoms are In the calculation of GaA400 surface energy, we start
classified into different types according to the number of Gawith a slab supercell of size 28.266428.266 A
and In neighbor atoms: X 28.266 A (i.e., 5x5X5 unit celly containing 1000

(i) For the two different cationéGa and In, the two-  atoms® The z axis is (001) oriented and a 10 A gap is
body potential between them is the average of the cationinserted in the direction to create two GaAs00) surfaces,
cation interaction potentia]s in the pure Compoumms which are As and Ga terminated, respectively. Periodic

and InAg, boundary conditions are applied only in tkeandy direc-
tions, which arg 100] and[010], respectively. The equations
2 V& cat Vidhi of motion are integrated using a reversible symplectic
Véaim— 5 (5 algorithnf® with a time stepAt=2.0fs. The system is first

quenchedd 0 K every 1@t for 200At, i.e., the velocities of
(i) The first neighbor shell of each cation is As, whereasall the atoms are set to zero everyAt0 Subsequently, we
the first neighbor of As is either Ga or In. Therefore, we havequench the system with a factor of 0.3 everyA1Ofor
five different neighbor configurations for As and, conse-200At, i.e., the velocities of all atoms are multiplied by a
quently, five different types of As in the alloy. The two-body factor of 0.3 every 1Qt. Then, the system is quenched with
interaction potential between As interpolates the potentials in

the pure Compounds. The As—As interaction potentlal IS In-'I'ABLE IV. MD, CG, ab initio calculations, and experiment results for

terpolated as follows: GaAs surface energies of tii£00), (110), and(111) orientations.
V(AZ) e 2—x—yv§3) et x+yvf) " © Orientations (110 (100 (111
A 2 A MD? 0.621 I/ 1.692 J/rA 0.722 Jink
CG& 0.621 J/m 1.692 J/IM 0.722 JIn
where X, y=n/4 (n=0,...,4), andn is the number of In  Ab initic® 0.83 J/Im ~1.0 It ~0.96 J/M
neighbors around the As atom. There are five different Agxperimet 0.87+0.1 Jint N/A N/A

types (corresponding ton=0,...,4): (1) As with four Ga awith el ”
neighbors, i.e., As in pure GaA&) As with three Ga neigh- bF,'fm?‘,‘:ﬁeT"gg ing suriace atome.
bors and one In neighbof3) As with two Ga neighbors and °From Ref. 47.
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TABLE V. MD, CG, andab initio calculations for InAs surface energies of TABLE VII. Two-body potential parameters for each atom pair type on the

the (100, (110, and(111) orientations. surface.
Orientations (110 (100 (111 Atom pair type Ajj(107199) 7 W;; (10718 A®)
MD? 0.333 J/M 1.126 J/In 0.464 JImM Ga2-Ga2 16.4984 7 211
CG 0.333 J/mM 1.125 J/m 0.463 J/M Ga2-Asl 2.0623 9 70
Ab initio® 0.656 J/mM ~0.704 J/n ~0.672 J/n Gal-As2 2.0623 9 65
- = As2—As2(GaAs 2.0623 7 220
aWithout modeling surface atoms. In2—1n2 5.3872 7 305
. .
From Ref. 37. In2—As1 0.6734 9 65
In1-As2 0.6734 9 45
As2—As2(InAs) 0.6734 7 335

a factor of 0.6 every 18t for 200At, followed by a quench-
ing with a factor of 0.9 every 18t for 400At. Finally, the
system is allowed to relax at system temperatures around

0.0001 K for time period of 130Q%. At this point, the energies agree well with those based on the CG method. This
system is in an equilibrium state and we calculate the energig as expected, since the same description of interatomic in-
(E), which corresponds to the GaAs cube with two teractions has been used in both methods. It is also found

GaAg100 surfaces. that the MD results of InAs surface energies for {140
The GaA$100 surface energy is calculated from and(111) orientations are reasonable compared wlthnitio
(E)—(E) calculations, which is not the case for tt#0) surface. The
y= —b””‘, (8) reason for this discrepancy is similar to that for GEAX),
2A as discussed in the previous paragraph.

where(E)p,i is the GaAs bulk energy andl is the surface
area. We have also used the conjugate grad@®) method |v. MODEL POTENTIAL FOR GaAs (100) AND
to calculate the energ{f) in Eq. (8) for the same setup as in InAs (100) SURFACE

the MD simulation. The results are given in Table¥/’In

this article, we have used the same numerical procedure Witgure?gesr?tds Osnj?hlggosﬁ:iag: ?ensd ai):jp?jrilrrr?eernf:L Tﬁ;’ we
that employed to obtain the results of Table IV, for all the ' 9 gins,

MD simulations and CG calculations. rna/silg(;éelffgig a{g%dselNcF))toctJenT“ZE tr:cg;e ﬁodel) oiggt'als
The MD results of GaAs surface energies for the u ' y P :

GaAg110) and GaAgl11) orientations are reasonable com- reproduce W(-?‘|| the_surface energ_ies for (he0) orien.tation,
pared with theab initio calculations and fracture experi- these also yield dimer lengths in accordance with ahe

. . . jnitio calculations.
ments, having an approximately 25% difference. It turns out
that the GaA&l10 surface is stoichiometric, i.e., there are The model for GaAG0Q) and InAL100 surface atoms

has four different types of surface atoms: Ga, As of GaAs,

equal numbers of Ga and As atoms on the surface and it is .
the cleavage plane. Such a cleavage surface does not recoar?—d In, As of InAs. These atoms are denoted as: Gal for bulk

struct, and only a relaxation of surface atomic positions

within the (21X 1) surface unit cell is observed. On the other g
hand, the MD results for GaAs00) surface energy differ
substantially from theab initio calculation(~63% highey.

The reason is that thel00) surface is polar, i.e., the planes i

parallel to the surface consist of either Ga or As atoms. As : VR Re)
result, the(001) surface displays various reconstructions, not
describable by our model potentials, if the surface atoms ar
not treated in a special wagee Sec. V.

We have also calculated InAs surface energies for the
(100, (110, and (111) orientations using MD simulations [ e
and the CG method. These results are shown in Table \.w I f e
From Table V we find that the MD results for InAs surface I ;

<

05 [

nergy (eV)

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

face.
3 - PETEra i
Atom type ai(A) Z(e) a;(A®) 0.5 g : s P p - s = 2
Ga2 1.1(0.9572 0.6660 0
As2 (of GaAs 1.498 —0.6660 2 r (R)
In2 1.36 0.79733 0
As2 (of InAs) 1.87 —0.79733 2 FIG. 1. Two-body interactions between G&280 surface atoms.

V(Ga2-Gaz2) is the interatomic potential between Ga surface atoms, and
% or the interaction between two Ga2 atoms only, use 1.1, otherwise us€(As2-As2) is the interatomic potential between As of GaAs surface at-
0.95. oms.
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FIG. 2. Two-body interactions between G4280) surface and bulk atoms
compared to the two-body interactions between bulk G&4&al—-Asl) is

the interatomic potential between bulk Ga and A§Ga2—Asl) is the

interatomic potential between surface Ga and bulk As,\&ffs2 -Gal) is

the interatomic potential between surface As of GaAs and bulk Ga.

FIG. 4. Two-body interactions between INA80 surface and bulk atoms
compared to the two-body interactions between bulk INnA8n1—As1) is
the interatomic potential between bulk In and AgIn2—-As1) is the inter-
atomic potential between surface In and bulk As, &{#s2-1In1) is the
interatomic potential between surface As of InAs and bulk In.

Ga, Gaz for surface Ga, Asl for bulk As, As2 for surface AS'om:s are chosen to bevl of that of their bulk counterparts.
In1 for bulk In, and In2 for surface In. Each type of surfaceOther parameters, namely, the ionic radii and the van der

Eto”r(n is treated asT ﬁ new sbpedue.s of atqm, d]:fferbenlLfrom Svaals strengths, are determined through a trial-and-error
ulk counterpart. The two-body Interactions for bu atomsprocess. The values of the two-body parameters for

of GaAs and InAs are described in E@). The two-body GaAg100 and InAg100) surface atoms are listed in Tables

interactions between surface atoms, as well as those betweg/lp and VII. As far as three-body interactions are concerned
surfac_e atc_)ms and bulk atoms, are also in the form_ ol Bg. the surface atoms are like their bulk counterparts, as de-
but with different parameters. These parameters include th?cribed in Eq.(4)

effective atomic charges, the ionic radii, and the van der Figure 1 shows two-body interactions between
Waals strengths. The effective atomic charges of surface abaAs(lOO) surface atoms. A minimum is found at a distance

of ~2.4 A, which is roughly the dimer length. Figure 2 com-
i pares the two-body interactions between GAA§) surface
T T T and bulk atoms and the two-body interactions between bulk
atoms in GaAs. We find that the bulk potential is lower than
—e—V(In2-In2) ] the potential between surface and bulk atoms. This also holds
] for InAs(100), as shown in Figs. 3 and 4.

—a -V(As2-As2)

05 [

Energy (eV)

F7

o
—

0 1 2 3 4 5 6 7 8

r (A)

FIG. 3. Two-body interactions between InNA80 surface atoms.
V(In2-1In2) is the interatomic potential between In surface atoms, and

V(As2-As2) is the interatomic potential between As of InAs surface atoms.FIG. 5. (Color) As (1X2) and Ga (X 2) dimers on GaAd00) surfaces.
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TABLE IX. Bond lengths and angles of Asil2) and Ga(1<2) dimer on
GaAg100 surfaces fromab initio calculations, atomistic results based on
the model potential for GaA&L00), and the % error.

Ab initio? Atomistic® Error

(1x2) dimer (1% 2) dimer (%)
d(As2-Gal) 2.40 A 239 A -0.4
#(As2—-Gal-Ask1l 101.14° 102.29° 1.1
A(As2—-Gal-Ask2 118.20° 115.49° -2.3
#(Gal-As2—-Gal 108.87° 113.66° 4.4
d(Ga2—-Asl) 2.30 A 2.33A 1.3
0(Ga2—As1l-Gatl 84.01° 96.49° 15
0(Ga2—-As1-Gag2 122.05° 116.79° —-4.3
H(As1-Ga2—-AsiL 115.60° 118.02° 2.1

3From Ref. 38.

bThe model potential for surface atoms.
FIG. 6. (Color) As (1x2) and In (1x2) dimers on INA&L00) surfaces.

2.40 and 2.50 A, respectively. The bond lengths and angles

The model potential for GaA$00 and INA$100) sur-  for As(1x2) and Ga(} 2) dimers are shown in Table IX.
face atoms reproduces well the surface energies. Thggain, the MD results are close to taé initio calculations.
GaAg100 surface energy calculated by MD is 1.03 3/m Note that only the two-body interaction parameters of the
which is slightly larger than thab initio result of ~1.0 J/nf.  surface atoms have been fitted accordingiboinitio calcu-

For INAS(100) surface energy, the MD result is 0.640 3/m |ations of surface energies and dimer bond lendtiat in-

close to theab initio result of ~0.704 J/rﬁ In addition, the C|uding bond ang|es informati@nand the three-body inter-
model potential yields (X 2) dimer on both the GaA%00)  action parameters have not been changed. So, we can test our
and InA4100) surfaces. Figure 5 shows a cross-sectionaimodel by comparing the bond angles of our MD results with
view of a GaAs slab wit{100) oriented surfaces terminated those ofab initio calculations, and the difference is at most
by As and Ga atoms; As(42) and Ga(12) dimers are 159, as shown in Table IX. For the InA$0) surface, there
observed at the top and bottom, respectively. Similarly, are onlyab initio calculations for the As(x 2) dimer, and
cross-sectional view of the InAs slab in Fig. 6 shows As(1they agree well with the MD results; see Table X. Table XI
X2) and In(1x2) dimers at the top and bottom, respec-shows the MD results of bond lengths and angles for As(1
tively. X 2) and In(1x 2) dimers on INA&100) surfaces. Similarly,

The dimer bond lengths of As and Ga surface atoms omnly the two-body interaction parameters of the surface at-
GaAq100 are listed in Table VIIl. The MD simulations oms have been fitted accordingdb initio calculations, and
yield an As(1x2) dimer bond length of 2.45 A, which the three-body interaction parameters are unchanged.
agrees well with the value of 2.51 A obtained from tie
initio calculationdthe difference is only 2% The MD result v/, FLAT InAs OVERLAYERS ON GaAs SQUARE
also agrees well with theab initio calculations for the NANOMESAS
B2(2x4) anda(2X4) dimer bond lengths, which are 2.50
and 2.45 A, respectively.

Table VIII also shows that the MD result for the Ga(1
X 2) dimer agrees well witlab initio calculations. The MD
simulations yield Ga(k 2) dimer bond lengths of 2.39 A,
which is in good agreement with the value of 2.31 A ob-
tained from theab initio calculations of the same dimer. The
MD result also agrees well with the initio calculations for
the B2(2X4) anda(2%x4) dimer bond lengths, which are

In the following two sections, we report MD simulations
of nanomesas witklL00) oriented square base aftd1}-type
sidewalls on GaA®01) substrates. We have investigated
mechanical stresses and the in-plane lattice constant of InAs
layers parallel to the InAs/GaA@01) interface in the na-
nomesas. Figure 7 shows a schematic of an InAs/GaAs na-
nomesa withn ML InAs overlayer, (100 oriented square
base, andq101-type sidewalls on a GaAB01) substrate. Pe-
riodic boundary conditions are applied to the GaAs substrate
of sizeL=474.9 A in bothx andy directions. We have tested

TABLE VIII. Dimer bond lengths on GaA400 surfaces fromab initio the convergence with respect to the system &izby per-
calculation, atomistic results based on the model potential for Ga®®,
and the % error.

TABLE X. Dimer bond lengths of As(k2) and In(1x2) on InA4100

d(As2—-As2) d(Gaz2-Gaz) surfaces from experiment and atomistic results based on the model potential
o ) for InAs(100).
Ab initio® (1x 2) dimer 251 A 231 A
Atomistic® (1x 2) dimer 2.45 A 239 A AS2_AS2 In2—In2
Error of atomisti€ % —2.4 3.5

Ab initio® 82(2x4) dimer 2.50 A 240 A Atomistic® (1x 2) dimer 2.44 A 2.35 A

Ab initio® a(2x4) dimer 2.45 A 250 A Experiment 82(2x 4) 244 R, 2.47 A N/A
%From Ref. 38. aThe model potential for surface atoms.
5The model potential for surface atoms. bFrom Ref. 1. The two values correspond to upper and lower dimer bond
°From Ref. 36. lengths, respectively.
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TABLE XI. Bond lengths and angles of Asg2) and In(1x2) dimer on
INAs(100 surfaces from atomistic results based on the model potential for
InAs(100).

Atomist@ (1% 2) dimer

d(As2-In1) 2.63 A
A(As2—In1-As)-1 102.75°
H(As2-In1-As)-2 118.27°

6(In1—As2—In) 108.79°

d(In2—As1) 2.65 A
6(In2—As1-Ind-1 101.16°
6(In2—As1-In3-2 119.42°

#(Asl-In2—As] 107.91°

#The model potential for surface atoms.

FIG. 7. (Color Schematic of an InAs/GaAs nanomesa Witld0) oriented

forming another simulation in which is increased to 543 A square base and 0] sidewalls on a GaA&00Y) substrate.

with all the other dimensions fixed. The in-plane lattice con-

stant in this case differs at most 0.05%, suggesting that the

finite-size effect is negligible. The top size of the GaAs mesaneed to be calculated over length scales of a few interatomic
is 124.4 Ax124.4 A and the system consists of 2,205,157distances. Also, the symmetry of the stress tensor has to be
atoms. preserved. Furthermore, the atomistic stress should vanish

We construct an initial MD configuration of the InAs/ for systems, which are expected to be under zero stfess
GaAs nanomesa with a 16 ML InAs overlayer, in which theexample, an ideal crystal in equilibrigmin our calculations,
lattice constant of InAs is set equal to that of GaAs. Theatomic-level stresses have been defined using the virial ap-
equations of motion are integrated using a reversible symproach. Thus, the stress tensor associated with an &tom
plectic algorithn{® with a time stepAt of 2.0 fs. The system o', is calculated using
is first quencheda 0 K for 10At, i.e., the velocities of all
atoms are set to zero evelyt. Subsequently, we quench the i 1 o 1 o
system with a factor of 0.8 whenever the temperature of the ‘Taﬁ:ﬁi<zi mip v+ EZ 2 rith ) ©
system is higher than 3 K, everyA% for 500QAt.

At the atomic level, the stress tensor can be determinedhere (@,8)=(x,y,z), m; andv; are the mass and velocity
by computing the interatomic forces arising from interactionsof the atomi, f;; is the force acting on atomdue to atony,
between neighboring atoms. In this approach, the stress ig; is the vector connecting atonisand j, and ); is the
assigned to either small regions of space or to individuahverage atomic volume, associated with the atoRigure 8
atoms. However, the stresses are not uniquely defined on tlehow atomic-level hydrostatic stressédefined as[ o,y
atomistic level because stress is inherently related to the as- o+ 0,,]/3) in the InAs/GaAs nanomesa with a 16 ML
sumption of continuity. In MD simulations, stresses normallyInAs overlayer, after quenching for 50060,

FIG. 8. (Color) Atomic-level hydrostatic stress distribu-
tion in an InAs/GaAs square nanomesa with a 16 ML
InAs overlayer after being quenched for 5000 Nega-

tive pressure means tensile and positive pressure means
compressive. Note the presence of cracks at the top of
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 ML
InAs overlayer. Negative pressure means tensile and
positive pressure means compressive.

The hydrostatic stress in the InAs layer is found to bethe lattice mismatch, a tensile stress well is formed in GaAs
tensile above~12 ML after the nanomesa has beenimmediately below the InAs/GaAs interface. In Fig. 10 we
guenched for 50Q8t. Cracks develop on top of the na- show a cross-sectional view of the atomic stress component
nomesa, due to the tensile stress, see Fig. 8. However, theg, in the InAs/GaAs square nanomesa with a 12 ML InAs
hydrostatic stress in the InAs layer belowl2 ML is still  overlayer. In the InAs layely,, is found to be compressive
compressive. We are interested in an InAs/GaAs square nand in GaAs near the InAs/GaAs interface, tensile. The in-
nomesa with a 12 ML flat InAs layer, which is the thicknessplane lattice constant of the InAs layer gradually increases
observed experimentally. So, we remove the top 4 ML of with the number of InAs monolayer.

InAs from the 16 ML InAs overlayer, and quench the system  The lattice mismatch between InAs and GaAs, as well as
to 0 K. Subsequently, we quench the system with a factor othe geometry of the nanomesa, play an important role in the
0.3 whenever the temperature of the system is higher tharelaxation of the InAs layers. The effect of lattice mismatch

0.5 K, every 8\t for 500At. Then, the system is quenched can be qualitatively isolated by studying a GaAs square na-
with a factor of 0.8 whenever the temperature of the systermomesa of exactly the same geometry as the InAs/GaAs
is higher than 0.5 K, every/t for 29 50Q\t. At this point,  square nanomesa, with the 12 ML InAs overlayer replaced
the InAs/GaAs nanomesa with a 12 ML InAs overlayer is inby 12 ML of GaAs. The system is quenched and thermalized
a mechanically stable state. by scaling atomic velocities for 35000 time steps. When the

Figure 9 shows atomic-level hydrostatic stresses in theystem reaches a mechanically stable state, the in-plane lat-
InAs/GaAs nanomesa with a 12 ML InAs overlayer. Due totice constant of each monolayer of the 12 ML GaAs over-

FIG. 10. (Color) Cross-sectional view of the atomic-
level stress componet,, in an InNAs/GaAs square na-
nomesa with a 12 ML InAs overlayer. The figure shows
a slice at the center of the nanomesa.
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element simulation approach has been developed to provide
atomistic description near the interface and continuum de-
scription deep into the substrdte>® Not only does such a
multiscale approach increase the accessible length scales, it
also greatly reduces the computational cost.

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

In this section, we investigate the lateral size effects on
the stress distribution and morphology of InAs/GaAs square
nanomesas witq101}-type sidewalls. The simulations in-
volve a larger nanomesa than the one shown in Fig. 7. The
larger nanomesa has a size lo£916 A in bothx andy

12 directions, with a GaAs mesa top size of 40KA07 A.
This system consists of 8.5 million atoms. The two nanome-
sas have the same geometry and the heights of both the GaAs
overlayer on the InAs/GaAs nanomesa, before and after it is subtracted b?/UbStrate and the mesas are kept the ,Same' In the fOHOWI,ng'
the net increase of in-plane lattice constant of the corresponding 12 MIWe denote the two nanomesas by their GaAs mesa top size,
GaAs overlayer on the GaAs nanomesa. i.e., the larger mesa is denoted as a “407 A nanomesa” and
the smaller mesa as a “124 A nanomesa.” Periodic boundary
conditions are applied to the 407 A nanomesa in boémnd
layer in the GaAs square nanomesa is calculated. It is foung directions. The initial configuration of the InAs/GaAs na-
that the in-plane lattice constant increases monotonically as@omesa is constructed by setting the lattice constant of InAs
function of the layer number, with higher value than thethe same as that of GaAs. The equations of motion are inte-
GaAs bulk lattice constar{.653 A). The net increase in the grated with a reversible symplectic algoritffhusing a time
in-plane lattice constant of the 12 ML GaAs overlayer with step of 2.0 fs. Similar to the quench and relaxation process
respect to the GaAs bulk value is caused by the geometry dbr the 124 A nanomesa, the 407 A nanomesa is quenched
the nanomesa. This net increase is subtracted from the imnd relaxed by scaling atomic velocities for 56 000 time
plane lattice constant of the corresponding 12 ML InAs over-steps. After the system reaches a mechanically stable state,
layer in the InAs/GaAs nanomesa to isolate the effect othe atomic-level hydrostatic stresses are calculated.
lattice mismatch. Figure 12 shows these stress in the vertical cross section
In Fig. 11 we show the in-plane lattice constant of eachat the center of the 124 and 407 A nanomesas. In GaAs
monolayer of the 12 ML InAs overlayer on the InAs/GaAs immediately below the InAs/GaAs interfaces, tensile stress
nanomesa, before and after subtracting the net increase of thxells are formed due to the lattice mismatch. Figuréal?2
in-plane lattice constant of the corresponding 12 ML GaAsshows that in the 124 A nanomesa the hydrostatic stress in
overlayer on the GaAs nanomesa. The subtracted in-plartbe InAs overlayer is compressiywith respect to the InAs
lattice constant of the twelfth InAs monolayer is 6.083 A, bulk lattice constantand is homogeneous near the interface.
which is slightly larger than the InAs bulk valyé.058 A). However, in the 407 A nanomesa shown in Fig(t)2the
We have also performed similar simulations for InAs/GaAshydrostatic stress in the InAs overlayer is inhomogeneous
square nanomesa with 14 and 16 ML InAs overlayers. Irand consists of a highly compressive domain at the center of
these nanomesas, the hydrostatic stresses in InAs layers dhe InAs overlayer, whereas the peripheral region of the InAs
tensile above the twelfth monolayer, in contrast to the comeverlayer is less compressive.
pressive stresses in the InAs layers below the twelfth mono-  Figure 13 shows vertical displacements of As atoms in
layer. The hydrostatic stress in the InAs layer plays an imthe first As layer above the first In layer in the 124 and 407
portant role in the energetic stability of the system, asA nanomesas. The vertical displacement is measured with
evidenced by Fig. 8, in which the energetically unstable narespect to a reference positionof 314 A. In order to show
nomesa has an overlayer of 16 ML InAs. Cracks are found tahe details of the morphology of the layer, the vertical dis-
develop on top of the nanomesa, due to the tensile stregdacement of each atom has been magnified by a factor of
above ~12 ML, after the nanomesa being quenched for40. For the 124 A nanomesa shown in Fig.(d3the As
500\ t. However, in the energetically stable nanomesa thalayer is “dome” shaped, in which atoms have an upward
contains an overlayer of 12 ML InAs, as shown in Fig. 9, thedisplacement of~0.8 A at the center and a downward dis-
topmost InAs layer remains intact and the hydrostatic stresplacement of~0.5 A at the edges. In contrast, the As layer in
in that layer is compressive. Therefore, the change fronthe 407 A nanomesa shows a “dimple” at the center of the
compressive to tensile stress may explain the experimentahesa, see Fig. 1B). At the “rim” and “bottom” of the
finding that the growth of flat InAs overlayers is self-limiting dimple, atoms have upward displacements-df0 and~0.5
to ~11 ML on GaAs nanomesas. A, respectively, while atoms at the edges have a downward
Recently, continuum elasticity theory has been successiisplacement of-1.6 A. The dimple is located at roughly the
fully used to explain and fit atomistic simulation results in same position as the enhanced compressive stress domain
strained-layer heteroepitaxial systefig\ hybrid MD/finite-  shown in Fig. 12b). The morphology of the nanomesa, de-

Layer number

FIG. 11. In-plane lattice constant of each monolayer of the 12 ML InAs
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(a) ib)
The 124 A nanomesa The 407 A nanomesa

-‘J— 124 A o B, —— 407 A

916 A

-4.0 0.0 4.0
tensile B | compressive

Atomic-level Hydrostatic Stress (GPa)

FIG. 12. (Color) Atomic-level hydrostatic stress in the cross sections through the center af)tha4 A, and(b) 407 A nanomesas.

scribed by the vertical displacements of As atoms in the firsFig. 13b) is a superposition of four domes whose sizes are
As layer above the first In layer, together with the stressestimated to be-30 nm. The existence of such stress do-
distribution in the nanomesa, which is evidenced by themains is consistent with the experimental findings for the
stress domains in the InAs overlayers, largely determine thdeposition of InAs on GaAs stripe mesa tdfishe number
energetic state of the nanomesa. In the 124 A nanomesaf parallel chains of InAs islands varies from 3 to 1 as the
shown in Fig. 18a), the morphology of the As layer is regu- stripe width goes from 100 to 30 nm, i.e., in multiples of
lar and smooth, and the hydrostatic stress in the InAs over—-30 nm of GaAs mesa lateral sizes.

layer is homogeneou&ontaining only one domajnin the The structural correlations in the InAs/GaAs nanomesas
407 A nanomesa shown in Fig. (13, however, the morphol- are analyzed by calculating the pair distribution function
ogy of the As layer is irregular and rough, and the hydro-(PDP), g(r), which gives the probability of finding a pair of
static stress in the InAs overlayer is inhomogene@m)-  atoms a distance apart, relative to the probability for a
taining multiple domains This provides clear evidence that completely random distribution at the same density. Figure
there exists a critical lateral size for such stress domain forl4(a) shows the In—In and In—As PDFs that are averaged
mation. It is found that the morphology of the As layer in over the whole 124 A nanomesa. The In—In and In—-As PDFs

(a) (b) The 407 A nanomesa

The 124 A nanomesa

407 A

-1.9 -14 -09 04 01 06 1.1
I

Vertical Displacement | A)

FIG. 13. (Color) Vertical displacement of As atoms in the first As layer above the first In layer ifi@ht24 A, and(b) 407 A nanomesas.
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(a) The 124 A nanomesa (b)  The 407 A nanomesa Figure 1%a) shows the In—In PDF that is averaged over the
whole 407 A nanomesa. The sum of the in-plane In—In PDFs

S — 't:‘u:l'(‘ — — G%uga“ﬁ‘u—,m . in each InAs layer is shown in Fig. (5. It can be seen that
8000F  jn.in 1 % nain ] the first subpeak in Fig. 18 coincides with the first peak in
~ 2000F 1 a0k ] Fig. 15b). This shows that the first subpeak of the In—In
5 ] PDF is entirely due to in-plane correlations in each InAs
1000} 1 150t ] layer. On the other hand, the second subpeak in the In—In
N LN N S , L‘ PDF is due to the interplane correlations in the 407 A na-
2xqQifTT T T T T 3ooo-'"'|'n_A'S T nomesa. In other words, the InAs overlayer is laterally con-

1.5x10°F ] ] strained to the GaAs lattice near the interface but vertically
j 2000p E relaxed to a value that exceeds the InAs lattice.

1x10°F E 1
5x10°F 4 1ooor ]
oboi bt ! TR ST TP % oloti t ! J\,..,,.M: VII. SUMMARY
o 1 2 3 . 4 5 6 7 0 1 2 3 4 5 7
r(A) r (A) We have developed model potentials for G&&X) and
FIG. 14. In-in and In-As pair distribution functions in the 124 A and InAs(100) surface atoms. Surface energies of GaAs and InAs
®) 407}&%;”1?1256‘2'_ s pair distribution functions in tte »an for the (100, (110), and(111) orientations have been calcu-

lated. Both MD and the CG method are used and the results

are in excellent agreement. Surface reconstructions on
averaged over the whole 407 A nanomesa are shown in FigZ@A3100 and InA$100) are studied via the CG method.
14(b). For the 124 A nanomesa, the In—In PDF has only on ot only do these model potentials reproduce well the sur-
first-neighbor peak at 4.30 Awhich is slightly larger than face energies for the100) orientation, these also yield (1
the InAs bulk value, 4.28 A see Fig. 14a). This suggests X 2) dimer lengths in accordance widlh initio calculations.
that the lattice spacing in the InAs overlayer is mostly re-  We have performed large-scale MD simulations of InAs/
laxed to its bulk value. For the 407 A nanomesa, howeverGaAs square nanomesas w{t01-type sidewalls. Qualita-
the first-neighbor peak of the In—In PDF is split into two tively, the effect of lattice mismatch can be isolated by study-
subpeaks: 4.06 and 4.31 A; see Fig(td4The 4.06 A sub- INg GaAs square nanomesas of exactly the same geometry as
peak is close to the GaAs bulk value, 4.00 A, and the 4.31 Ahe InAs/GaAs nanomesas, with the InAs overlayers replaced
subpeak is slightly larger than the InAs bulk value, 4.28 A by GaAs overlayers. After isolating the effect of lattice mis-
On the other hand, the In—As PDFs in the two nanomesadatch, itis found that the InAs in-plane lattice constant starts

show that the first-neighbor peak positions are essentially tht® €xceed the InAs bulk value at 12 ML. Moreover, the hy-
same as the InAs bulk value. drostatic stresses in InAs layers are tensile aboweelfth

In order to understand the origin of the split first- monolayer, in contrast to the compressive stresses in the
neighbor peak in In—In PDF in the 407 A nanomesa, we/NAS layers below~twelfth monolayer. Therefore, it is not
calculate the in-plangi.e., parallel to the InAs/GaAg01)  €nergetically favorable to have InAs overlayers thicker than

interfacqd In—In PDF that is averaged over each InAs Iayer.12 ML. o
We have also performed multimillion-atom molecular

dynamics simulations of InAs/GaAs square nanomesas with
{103-type sidewalls to investigate the lateral size effect on
the stress distribution and morphology. The simulations indi-
bulk l lbulk cate the existence of a critical lateral size for stress domain
Ga-Ga In-tn . . . . ..
B B URa s E formation in accordance with recent experimental findings. A

The 407 A nanomesa

0 F In-In PDE single stress domain is found in sma&k40 nm mesa,
~ 300 b whereas a larger mesa contains two stress domains. It is also
k= b found that, in the larger nanomesa, the InAs overlayer is
150 £ laterally constrained to the GaAs bulk near the interface but
. vertically relaxed to slightly above the InAs bulk.
8)(1(‘))4__:::::::::::::::::::
exiot | In-plane In-in PDF ] ACKNOWLEDGMENTS
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