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Strain-induced change of surface reconstructions for INA€)01)
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The effect of strain on the stability of different surface reconstructions on(004s is investigated with
density-functional theory calculations. The effects of isotropic as well as anisotropic tensile and compressive
strain is investigated, and the results are presented in corresponding equilibrium phase diagrams. | find that the
range of stability for any of the relevant reconstructions can be changed significantly, and, in fact, a recon-
struction that is unstable in an unstrained system might be stabilized upon application of external strain.
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Many high speed and optoelectronic devices are based d@aAs, which are the most widely studied I1I/V semiconduc-
[11-V compound semiconductor systems. In the quest for bettor systems. Some test calculations indicate that for lesser
ter and faster performance, these devices are becoming prealues of strain the effects discussed here are also present,
gressively smaller. With the decreasing size of such a quarbut are correspondingly smaller. For theX(2) reconstruc-
tum layer semiconductor device, the thickness and also thigons, the As dimers are oriented in thi&10] direction,
morphology of the interface between different heterolayeravhile the In dimers are oriented along tHelL0] direction. It
can be of crucial importance. Thus, many theoretical effort§s 5 reasonable to expect that strain along[ttE0] direction
focus on understanding of the growth dynamics for adatomgjj| have a different effect than strain along tfie10] direc-
(group Il and V) on these surfaces, so that the morpholog¥tion, Therefore, results for isotropic and anisotrofichoth,

of the surfaces and thus of the interfaces can be controlledt
It is well known that experimental conditions such as

deposition flux and temperature determine the reconstructio\pv
on the surface during epitaxial growttwhich in turn influ-
ences the adatom dynamics on the surface. In previous ¢
culations for InA$001),22 it has been predicted that there are
(at least four stable surface reconstructions on this surface:
With increasing chemical potential for Ag,,s, they are the
a3(2x4), a2(2X4), B2(2x4), andc(4X 4) reconstruc-

he[110] and[110] direction strain are presented.

The stable surface reconstruction is determined as the one
ith the lowest surface free energy densiy,For a system
a\f\fith two chemical species, the surface energy of an &rea

with N; atoms of speciesis given by

YA=Egyi— EI #iNi, 1

tions. For reference, the resulting phase diagram from Ref. @here the chemical potential; is the energy required to

for INAs(001) without external strain is shown in Fig. 1. The extract an atom of speciédrom a corresponding reservoir.

relevant surface reconstructions are shown in Fig. 2. The chemical potentials are related to the experimental con-
In this paper | investigate how the surface reconstructiorditions; a higher value of the chemical potentials ()

on InAS001) can be altered upon application of external corresponds to more Agn) rich conditions. The values for

strain. Strain is important, since many heterostructures cona; are bounded by their respective bulk valueﬁ) and

sist of layers that have different lattice constants. If thes_ngbs)_ Additionally, the equilibrium condition w;,+ tas

materials with different lattice constants are grown epitaX|—:luInAS must be satisfied, otherwise the system would adjust

ally, this leads to strain in the system. The effect of strain on
the surface reconstruction has, for example, been studied by
Swartzentrubeet al* for Si(001). The authors showed that it

is possible to systematically bend a substrate in a growth
chamber, thus changing the surface reconstruction. A similar
experiment for InA&01) might offer the possibilities to
study systematically the results presented in this study.

The calculations are similar to those that have been de-
scribed in Ref. 3. | study tensile as well as compressive
strain, and for all the results shown below, the value chosen
is 4%. This value is large enough to illustrate the effect of
strain, but small enough to allow growth of coherently
strained thin layeréwithout the introduction of dislocatiohs
It is of the order of the mismatch between AlAs and
Ing sGa&y sAs, which is a material combination used for reso-
nant tunneling diodes, and which, in fact, has been grown
coherently strained for up to six monolayérst is also
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FIG. 1. Equilibrium phase diagram for Inf301) without exter-

smaller than the lattice mismatch of 7% between InAs andhal strain calculated with DFT.
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FIG. 2. Schematic representation of the relevank 43 struc-

tures and the(4 < 4) with three top As dimer§3d). Closed(open
circles represent Afn) atoms, and the size reflects the height. The 50
corresponding (% 2) structures are rotated by 90°, with In and As
atoms exchanged. Shown are top and side views. The crystallo-
graphic directions indicated refer to the top view.
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FIG. 3. Equilibrium phase diagram for Inf301) calculated
with DFT for (a) 4% isotropic tensile strainb) 4% tensile strain

by forming more(or lesg InAs bulk. The chemical potential along the[110] direction, and(c) 4% tensile strain along the.10]

Minas 1S the energy per InAs pair in InAs bulk. direction.
The energyE,,s and the chemical potentials; were ob- _ _ _
tained from density-functional theorfDFT) calculations. |  bulk cells. For a strained system, the chemical poteptjgls

employed the local-density approximationDA) and used is not the bulk energy for unstrained InAs. | therefore calcu-
norm-conserving pseudopotentfalsas implemented in the lated the energy of pseudobulk systems, that are strained
computer coderHigsmp.2 The electronic wave functions anisotropically either in thg110] or [110] direction, or iso-
were expanded in a plane-wave basis that was truncated at@pically in both directions, while at the same time the sys-
cutoff energy ofE. =12 Ry. For thek summation | used the tem was allowed to relax in tH®01] direction.

equivalent of 88 points in a (1X1) cell that were gener- The resulting equilibrium phase diagrams for tensile and
ated according to the scheme proposed by Monkhorst ancompressive strain are shown in Figs. 3 and 4. The recon-
Pack? All structures were calculated in a unit cell of size structions that are considered here are the ones that are stable
(2x4) [or (4x2)] and a slab thickness of eighar seven  without strain, and, in addition, th82(4x 2), which is be-
atomic layers, so that the bottom layer was terminated by #ieved to play a role in the As deficient growth regime. Un-
layer of group Il atoms. The dangling bonds were then satutess stated otherwise, the discussion of each of the panels is
rated with pseudohydrogen atoms of charge 1.25. A vacuuralways in reference to the unstrained system, as shown in
separation equivalent to ten atomic layers was chosen. Alfig. 1.

atoms were allowed to relax, except the bottom layer of In | begin the discussion by focusing on the results for iso-
and As. Thus the computational parameters for the calcularopic strain[Figs. 3a) and 4a)]. For tensile isotropic strain
tions for the strained systems are essentially the same &@Eig. 3(a)], the range of stability of thg82(2x4) is ex-
those for the unstrained systénThe chemical potentials tended, in particular under As rich condition at the expense
w? and 12 are obtained from calculations of In and As of the c(4X 4) reconstruction. The range of stability of the
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constraints due to the underlying zinc-blende lattice struc-
ture. Thus, tensile strain along a dimer will weaken a dimer

7 bond, while compressive strain will strengthen it. However,
it is not clear how much the strength of the dimer bonds will
o‘“g 65 be changed, or how strain will affect all the other bonds.
> Many features of the effect of isotropic tensile strain are
~§: 60 reproduced by tensile strain along tfEL0] direction. This
can be seen by comparing FigaB (isotropic tensile strain
55 and Fig. 3c) (tensile strain along th¢110] direction. In
both cases, the stability of thg@2(2x4) is extended at the
50 expense of the(4x4) reconstruction. The As dimers for
the c(4X4) reconstruction are oriented along tfi10] di-
70 t rection, while the As dimers for all the ¢24) reconstruc-
tions considered here are along fHELO] direction. Thus,
& 65 | tensile strain along thgL10] direction is particularly disad-
° ;\( vantageous for the(4X 4) reconstruction, thus favoring the
£ 60 | B2(2x4).
= Tensile isotropic strain only slightly weakens the In dimer
55 | bonds for theB2(4x2) reconstruction, and has very little
effect on the underlying In-As bonds. In contrast, it weakens
the In dimer bonds and In-As bonds of th&(2X 4) recon-
50 struction, by lengthening them by 1% and 2%, respectively.
60 | Thus, the net effect of tensile strain is to stabilize B4
X 2) reconstruction. The effect is not quite that pronounced
for tensile strain along thgL10] direction, since here the As
o“':\f %5 dimer for the a3(2x4) (that is oriented along thgl110]
S direction is not affected. Therefore, tensile strain along the
§ S0 ] [120] results in thea3(2Xx 4) andB2(4X2) structures be-
o2 (2 x 4) \ ing essentially degenerate in energy. However, tensile strain
45 ] along the[110] and [110] directions reverses the order of
the a3(2X4) and B2(4X2), and, in fact, stabilizes the
N Y o B2(4X2) reconstruction.
W, -MAs(b) (eV) Tensile strain along thel10] direction appears to affect

all structures similarly[Fig. 3(b)], and results in a phase
FIG. 4. Equilibrium phase diagram for Inf301) calculated diagram that is almost identical to the one obtained without
with DFT for (a) 4% isotropic compressive straifh) 4% compres-  strain. This is a little surprising, as one would expect that the

sive strain along thg110] direction, andc) 4% compressive strain  As dimers along th@TlO] direction should be destabilized.
along the[110] direction. This does not happen, however, and their bond lengths are
within 0.5% of the value for the unstrained system.
a2(2X4) is much shorter than in the unstrained case. This The results for compressive strain are shown in Fig. 4.
is in sharp contrast to the results for compressive isotropidhe most striking observation for isotropic compressive
strain, where in fact thg2(2x 4) is not stable at all, and the strain is that the stable regime of ta®(2Xx 4) is extended
a2(2x4) reconstruction is the preferred one over almost thesignificantly [Fig. 4(a)]. This can be understood as follows:
entire regime. Another interesting feature is that tensile strair\ll dimer bonds(In dimers and As dimejsare stabilized by
reverses the order of the3(2x 4) and theB2(4x2) recon- compressive strain. This observation by itself does not ex-
struction. As a reminder, there is no X£) reconstruction plain why some structures might be more favored than oth-
found in calculations for the unstrained system that is stablers, since all structures have dimers. However, it turns out
(even though it is observed in experimentdind that tensile  that under compressive strain the In-In dimer bonds are
isotropic strain stabilizes th@2(4x2) reconstruction. In shortenedand thus stabilizedmost. For thex2(2x4) re-
contrast, for compressive strain the energy gap between thmnstruction, the In-In dimer is shortened by3%. Since
a3(2X4) and theB2(4X2) is even wider. this bond is oriented in thgl10] direction, it is also stabi-
The results described above can be better understood lized [at the expense of thg2(2x4)] for compressive
one studies the change in the phase diagrams upon anisstrain only along th¢110] direction, as can be seen in Fig.
tropic strain. In particular, | will analyze how straifboth  4(c). The a3(2X4) has 4 In-In dimers along the 10| di-
tensile and compressivalong a dimer(i.e., along the axis rection. Thus, this reconstruction is particularly favored un-
that connects the dimer atopeffects the surface reconstruc- der compressive isotropic strain along this direction.
tion. All the dimer bonds for the structures discussed here are These calculations could explain the results of Belk
already under tensile strain, which is a result of geometrieet all° which show that for InAs on GaA801) (a system
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with 7% compressive strainthe 82(2x4) reconstruction the results of tensile strain along th&10] direction [Fig.
disappears. The authors find that upon decrease of the A%c)], since here mainly the In-In dimer bondthat are
overpressure, the surface reconstruction changes from a (gresent in thew2(2x4), a(2x4), and32(4X2) recon-
X 4) reconstruction to a (X3) reconstruction, without the structiong are weakenedstretched by~2%.
appearance of th82(2x 4) reconstruction. The results pre-  The calculations presented here show that strain that
sented here suggest that this is the case becausB2t@2  arises in heteroepitaxial growth changes the stability of sur-
X4) is particularly unfavored upon isotropic compressiveface reconstructions. Also, strain might be used as an addi-
strain. tional parameter during epitaxial growth to control the mor-
It is interesting to note that the effect of c:ompressivepho|Ogy of a growing film. For example, growth on a (4
strain along th¢110] direction[Fig. 4(c)] is aimost the same 3 2y qften leads to films of poor quality, presumably because
as tensile strain along thel 10] direction[Fig. 3(b)]. This  the excess In atoms form droplets on the surface. However,
can be explained as follows: In both cases, the In-In dimershe present calculations suggest that under tensile strain, the
become more stable in comparison to the As-As dimersg2(4x2) reconstruction is stable under more As rich con-
since the In-In dimers are stabilized under compressive straigitions, and thus it is less likely that In-droplets form on this
along the[110] direction, while the As-As dimers are desta- In-terminated surface. For many materials systems, strain as
bilized under tensile strain along th&10] direction. Simi- an additional parameter during growth might help to grow

larly, compressive strain along tﬂjalo] direction and ten- NeWw structures, or to characterize a surface structure.

sile strain along the[110] direction can be compared. s work was encouraged through many stimulating dis-
Compressive strain along ttji¢10] direction favors the As  cuyssions with W. Barvosa-Carter, M. Petersen, and J. J.
dimers in the (2 4) reconstruction, but has essentially no zinck. | acknowledge financial support from the NSF and

effect on the In-In dimer bonds. Thus, compressive strailDARPA through a cooperative agreement, Contract No.
along the[110] direction extends the regime of stability of DMS-9615854, as part of the Virtual Integrated Prototyping

the 52(2x4) reconstructioFig. 4(b)]. This is similar to  (VIP) Initiative.
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