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Theory of equilibrium shape of an anisotropically strained island: Thermodynamic limits for
growth of nanowires
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Using continuum elastic theory, we show that strain anisotropy removes the shape instability existing for an
isotropically strained island. An anistropically strained island has always an anisotropic shape, elongating
along the less-strained direction and adopting a narrow width in the more-strained direction. The sign of strain
makes only a quantitative difference without changing the qualitative island shape. Our study establishes
thermodynamic limits for growing nanowires with anisotropically strained islands.
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The study of equilibrium shape of strained island on sur- Several pending questions are especially important with
face is of both scientific interest and technological signifi-regard to growth of nanowireg1) Will an anisotropically
cance. Equilibrium shape of a straingdtresseg two-  strained island, like an isotropically strained island, exhibit a
dimensional (2D) island gives a direct manifestation of shape instability?(2) When an island is anisotropically
surface thermodynamic properties including surface step erstrained, will it be only stable along the less-strained direc-
ergy and surface stre$s: growth of strained 2D and three- tion with one energy minimum, or will it be also metastable
dimensionak3D) islands provides also a unique method for along the other more-strained direction with a local energy
fabrication of nanowires on surfaée!? minimum?(3) How does the island shape anisotropy depend

Equilibrium theory of island shape has been establishe@n strain anisotropy®) For given strain anisotropy, does the
for 2D* and 30 islands on surface undésotropic strain.  Sign of stral_n(|._e., ten3|l_e or compressive in b_oth_dlrectlons
Most noticeable, strain induces a spontaneous shape instabf{€"SUS tensile in one direction but compressive in the other
ity in the growth of 2D(3D) island on surfaca® there exists  diréction or vice versamaitter? . . .
a critical size, controlled by competition between isotropic Here, we perform a general theoretical analysis of equi-

; ; ._librium shape of 2D island undeanisotropic strain (or
f;ﬁg(;ﬂngf ae:(iesrg{r :FI;:S zgzgmecr;]eggsy,ab:;%v; r\évf;:)crhztgei ;S stres$. We demonstrate that the existence of strain aniso-

land) and above which it adopts an anisotropic sh h tropy removes completely the island shape instability associ-

L : - ated with isotropically strained island. As long as the strain is
as a rectangle The strain-induced shape instability has alsoanisotropic, there will be only one energy minimum along
been shown for 3D inclusions in butk.!*

o 4 . the less-strained direction at all island sizes without the sec-
The strain induced island shape elongation has been a|

lied f . . fadei? O bl Bhd local minimum in the orthogonal more-strained direc-
plied lor growing nanowires on surfate.:” une probiem i 1hyg, thermodynamically, the island prefers always to
associated with growing wires using isotropically strained

) . ; . 2 grow along the less-strained direction, and its aspect ratio
|s!and is that it may elongate along eitherr y direction increases with increasing island size. For a given island size,
W!th two_energetlcally degenerate_shaﬁéé?o mgke all the the larger the strain anisotropy is, the larger the island aspect
wires orlelnted along the same direction, an idea has bequis is’ The sign of strain makes only a quantitative differ-
propose&®to grow island that is strained in one direction

i 2 . . -~ ence, without changing the island shape behavior qualita-
but strain-free in the otheorthogonal direction so that it tively ging P q
grows .onlly along the'stram-free direction. However, .Suc.h 2 Wwe analyze the equilibrium shape of a 2D island under
scenario is hard to find with a real materials combma’uonbiaxial anisotropic strain, using continuum elastic theory,

between the islands and substrate. similar to the previous analysis for a 2D island unitro-

Mos; wires have begn grown with islands .that are generbic strain! Consider the general case of a rectangular island
ally anisotropicallystrained on surface. A typical system is of lengtha and widthb strained along the andy direction,

rare—earth metal silicide nanovyi?eéo grown on SGOOl).’ . respectively, withe,, andey,, as shown in Fig. 1. The strain
which has attracted much attention because of its applicatiop.oquces elastic force monopoléB, and F.) along the

. . . . P - _ X

in integrated circuits. However, existing theofies*"**have g, boundary, whose magnitude is proéortional to the
focused mostly orisotropically strained islands. Although magnitude of strain and the island height and whose direc-

the e_frect of strain a.nisotropy. has been_specuﬂa%m]d 8 tion follows the respective sign of strajtensile versus com-
special case of 2D island anisotropy with the same Stresﬁressive in each direction

magnitude but opposite signs has been consideasgeneral ; : ;

theory of equilibrium shape of 2D or 3D islands under- The island strain energy is calculated-as
isotropicstress/strain is still lacking. This creates a gap in the Etrain= — % If d)?d)“(’lfl(i) -U[X, ﬁz()z')], (1)
understanding of the experimental growth of nanowires us- -

ing anistropically strained islands, such as those silicidevhere, U[x,F,(x’)] is the displacement at induced by a
wires8-10 force atx’. Let r=x-x":
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the interaction between parallel or antiparallel force mono-
poles on the two opposite island sidesto-a or b-to-b). The
second term includes also the interaction between orthogonal
force monopoles at the two neighboring sidago-b or b-to-
a), describing the Poisson effect that compresgiension
in one direction leads to tensioftompression in the or-
thogonal direction.

Integration of Eq(1) along the island boundary gives

FIG. 1. (Color onling Total energiedE;) of a strained 2D rect- Estrain _ D ag
angular island(see inset vs #=tariX(a/b) for different strain E. PGy(c,) - P X 2(1 -»)Gy(c,7)In a + PO(B)'
anisotropies(8). The island size is chosen to be smaller than the
critical size associated with the isotropically strained island. Solid
curves are for strains having the same sign in the two directions
(both compressive or tensjledashed curves are for strains having
different signs(compressive along and tensile alongy direction;

or vice versa

3

Here, using the same notations as in Ref. B,=[(1
+V)/(27T,LL)]F)2<. P=2(a+b) is the island boundary length.

1- V2F1 |:2 w(1+v)[Fy-FI[F, - F] c’=alb is the island aspect ratiqshape anisotropy
F1(%) - G[XFo(x)] = 3 . y=F /F,=e, /e is the ratio of strain in the two directions.
r T r = Yy

D=\vab is the island sizea, is a cutoff lengtht The term
O(ay/D)=4[(1-y+Y)v—(1+9°)]ay/D is very small and
can be neglected as in Ref. 1, because genebatha,. G;

andG, are given by

1 1
1 c2 V¢ c2 c 1
Gic,y)=—| 21 -v)| cln —F/— - - 2)/2
2c+ ) 1 —c 1 1
V © 02 V © c2 c

+4{072+(—1:—[1+72-2(1-7+ VZ)V]} \/CZ+C£2+2(1-7)(07-%)

2

where u is Young's modulus and is Poisson’s ratio. For a
rectangular island, the first term in E@) arises only from

ce

and 6=0, strain is isotropic, i.e., zero or no strain anisotropy; for
6=1.0, strain anisotropy is the largest, as thdirection is
strain free. The strain in thedirection, i.e.,Eq is kept fixed.
Figure 1 shows the total enerdy as a function ofé
=tari(a/b), calculated using the parameters d&,/E;
Note that settingy=1, G,(c,y)=1 andG(c,y) reduces to  =3.02. The island siz€D/a,=50) is chosen to be smaller
G(c) in Ref. 1; the Egs(3)~«5) return to solutions of isotro-  than the critical size for shape instabilit./a,=113 for
pically strained island. Here, we consider only the case of,>0, andD./a,=209 for y<0) associated with the isotro-
isotropic boundarystep energy, the total energy of the is- pically strained island, i.e., fo6=0.0, the island adopts an

-1
corfe )

land is thenE,=Eg.in+ PE, whereE, is the boundary en-
ergy per unit length.

isotropic square shape with a single minimumgat45°, as
shown in Fig. 1.

We have determined the equilibrium island shape via As long asé+ 0.0 (no matter how small it i the energy

total-energy minimization, as a function of island siZ®)

and of strain anisotropys). To facilitate our discussion, we Thus, the existence of strain anisotropy leads always to an

define strain anisotropy a8=1-|y|, with 0<<1.0. For

minimum always shifts away fromd=45° to a larger value.

anisotropic shape, removing the shape instability., the
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. FIG. .2' (.C°'°r onling The same plot as F'g'. 1 exgept that the FIG. 3. (Color onling Calculated optimatequilibrium) island
island size is chosen to be larger than the critical size associated

ith the isotropically strained island aspect ratiqa/b) vs strain anisotropyd) for four different island
w € 1sotropically strained | ' sizes ofD/ay=10, 100, 200, and 300. The notations are the same as

o . . . in Fig. 1.
existence of a critical sizepossessed by an isotropically g

strained island. As the energy minimum shifts to te45°  nanowires along the same direction, from the thermody-
side, the island will always elongate along the less-strajned namic point of view, one may not need to find a materials
direction. The energy minimum continues to move further tocombination with very large strain anisotropy, in particular
larger 6 with increasingé. So, for a given island size, the strained only in one direction and strain-fr@attice match-
larger the strain anisotropy, the larger the island aspect ratidng) in the other direction as suggested eafifA small
i.e., a more elongated island along the less-strained directiostrain anisotropy with 10% difference in the two directions
For a given strain anisotropy (except for6=1.0 when may still be sufficient to drive wires to grow along one di-
strain is zero along thg direction), there may be different rection, at the thermodynamic limit. This provides a greater
signs of strains: both compressive or tensile alangndy  degree of flexibility in choice of materials for growing
direction versus compressive alor@nd tensile alony di-  nanowires via elongation of anisotropically strained islands.
rection or vice versa. Figure 1 shows that for the sairthe Same as Fig. 1, Fig. 2 shows that for the same strain
energies of islands under strains of different sigdashed anisotropy(s) the energies of islands under strains of differ-
curveg are always slightly lower than those under strains ofent signs(dashed curvgsare always slightly lower than
the same sigrisolid curve$. This results from the Poisson those under strains of the same signolid curves$, with en-
effect described by the second term in E2), the interaction  ergy minima at slightly different positions. In general, as
between orthogonal force monopoles on the neighboring isindicated by the positions of energy minima, the larger the
land sides® The overall strain is effectively smaller and strain anisotropy is, the larger the island aspect ratio is. This
hence the energy is lower when the island is under differenis more clearly illustrated in Fig. 3, which shows island as-
signs of strain, because compression in one direction conmpect ratio(a/b) as a function of strain anisotropys) for
pensates tension in the other direction and vice versa. Hovwseveral island sizeéD/a,=10, 100, 200, and 300For &
ever, the sign of strain does not qualitatively change the pic=0, small islands, such aB/ay;=10 and 100, have/b
ture. =1.0, as they are smaller than the critical size of shape in-
Figure 2 shows the same plot as Fig. 1 for the case of astability and maintain an isotropic shape; large islands above
island size(D/a,=300 chosen to be larger than the critical the critical size, such a®/a,=300, havea/b>1.0, becom-
size of the shape instability associated with the isotropicallying elongated. Foé+ 0.0, islands of all sizes hawb> 1.0,
strained island. So, fo6=0.0, there are two degenerate en-elongating along the less-straingdlirection.
ergy minima, one with>45° and the other withh<<45° For all 8, the aspect ratio of those islands under the dif-
(the two lowest curves in Fig.)2This means that at this size, ferent signs of straingdashed curves in Fig.)3s smaller
the isotropically strained island would elongate along eithethan that of those islands under the same sign of strains
x or y direction with equal probability. (solid curve$. This difference decreases with increasifig
For 6# 0.0, however, no matter how small it is, there is As & increases, the island becomes more elongated so that
only one energy minimum at the far side 6f>45°. This the interaction between force monopoles on the two long
indicates that for any anisotropically strained island, it will opposite sides becomes dominant, while the interaction be-
only be thermodynamically stable by elongating along theween orthogonal monopoles on the two neighboring sides,
less-strained; direction. There does not exist a metastablewhich gives rise to the difference, becomes negligible.
shape along the more-straingddirection. For large island One interesting phenomenon occurs &0 for D/a,
size, the effect of elongation along the less-strained directior200. The island under the different signs of strainmter-
is even very pronounced with a very small strain anisotropycept ofD/a,=200 dashed curyénas an isotropic shape with
of §=0.1 with §>85°. a/b=1.0, while the island under the same sign of strains
The fact that the island is only thermodynamically stableintercept ofD/ay=200 solid curvg has an anisotropic elon-
to elongate along one direction, the less-strained directiorgated shape witta/b~9.0. This reflects that the sign of
without a metastable state in the orthogonal direction has astrain changes the critical size of shape instability for the
important practical implication. It implies that to align the isotropically strained island, which again can be understood
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has initially an elongated shape with a narrow width. It then
grows preferentially along the less-strained direction while
its width converges quickly to a fixed value. In general, the
larger the strain anisotropy is, the longer and narrower a
nanowire will grow.

Although, for simplicity, we have performed analysis for
2D islands, the results we obtain can be readily applied to 3D
islands for growth of nanowires. In fact, those 3D islands
used for growing nanowires must be constrained kinetically
with a fixed height, so effectively they can be treated as
quasi-2D island$:* Without height constraint, a 3D island
would always in principle grow its height to more effectively
relax strain, rather than elongating laterally on surfate.

Our study is especially relevant to growth of rare-earth
silicide nanowire$;1%which are generally under anisotropic
strain and are of great technological significance. We show
that anisotropic strain may help improve orientational order

FIG. 4. (Color onling Evolution of equilibrium island shape Of nanowires, driving them to grow along the less-strained
with increasing island size for islands under different strain anisodirection. The wires may grow with uniform width distribu-
tropy of 5=0, 0.5, and 1.0. tion. The sign of strain makes only a quantitative difference.

Longer and narrower nanowires can be grown by choosing a
by the Poisson effect discussed earlier. Although the magnimaterials combination with larger strain anisotropy. These
_tude of strain is the same in two directions, j[he overa_lll straingre all in good qualitative agreement with existing experi-
is effectively smaller for the island under different signs of ,ental result§-10
strains, Ieadmg _to a smaller CI’.Itlca| size, as the critical size |, summary, we present a theoretical study of equilibrium
decreases with increasing straih. shape of anisotropically strained 2D islands, establishing

Previous studiés’ have shown that an isotropically {hermodynamic limits for growing nanowires on surface. We
strained island elongates only above the critical size, beyonfsie that while thermodynamically strain anisotropy may

which it continues to elongate with a fixed width. In contrast, ok favorably for fabricating nanowires, kinetic factors
an anisotropically strained island elongates at all sizes. Iaye also to be taken into account. Future work is needed to
Fig. 4, we show the evolution of equilibrium island shapesjyestigate the competition between thermodynamics and ki-
with increasing island size for strain anisotropy&#0, 0.5 petics, in order to obtain a more complete understanding of
and 1.0. Under isotropic strai®=0), the island first grows  46\ing nanowires with anisotropically strained islands.

in its size isotropically, then elongates along one direction

while shrinks in the other, later it elongates with a fixed This work is supported by DOE Grant Nos. DE-FG03-
width.* Under anisotropic straing=0.5, and 1.§) the island 01ER45875 and DE-FG03-03ER46027.
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