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Stress-Driven Alloy Decomposition during Step-Flow Growth
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(Received 24 May 1996)

A surface under stress is morphologically unstable. In normal step-flow growth, this is manifes
a step-bunching instability. Here it is shown that for alloy growth the resulting inhomogeneous
drives decomposition of the alloy. At the same time, this decomposition “screens” the inhomoge
strain, partially suppressing the instability. In contrast to a previous continuum model, stress-
alloy decomposition during step flow is never destabilizing, nor does it ever fully stabilize the su
A possible mechanism for spontaneous superlattice formation is suggested. [S0031-9007(96)0

PACS numbers: 68.55.-a, 61.66.Dk
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Semiconductor technology relies increasingly on allo
to provide the optimum lattice constant and band gap fo
particular application. However, this introduces the da
ger of alloy decomposition, with spatial variations in th
local alloy composition [1–3]. Such variations can b
disastrous for electronic devices, causing carrier scat
ing, charge trapping, etc. At the same time, decom
sition sometimes takes fascinating and potentially use
forms, such as spontaneous formation of superlatti
[2], or even of superlattices perpendicular to the surfa
[3]. Because of this broad technological importance,
well as the current intense interest in growth instabiliti
generally, it is essential to develop an understanding
alloy growth and uniformity.

One possible origin for alloy inhomogeneity is spin
dal decomposition, i.e., the decomposition of an all
in a regime of composition and temperature where it
thermodynamically unstable. However, recently Guy
and Voorhees [4] proposed another decomposition mec
nism, which is active even for a nominally stable allo
during epitaxial growth of strained layers. Strained laye
are morphologically unstable [5–7] (or metastable [8
roughening as they grow. This results in inhomogene
stress across the surface. Large atoms are then prefe
tially incorporated in regions of more tensile stress, a
small atoms in regions of more compressive stress.
result is a lateral decomposition of the alloy coupled
and in fact driven by, the morphological instability.

This mechanism is clearly quite general, and represe
an important insight into alloy decomposition. Howeve
the specific model of Ref. [4] is not directly applicable
ordinary semiconductor growth for two reasons. First
treats the surface as continuous, as is appropriate ab
the thermal roughening temperature. But semiconduc
layers are generally grown far below this temperatu
so their growth is better described by a step-flow mo
[9]. Second, in that model some mass transport occurs
local equilibration of the surface with an ambient vapo
Typically no such local equilibration occurs in eithe
molecular beam epitaxy (MBE) or low-pressure chemic
vapor deposition growth [10].
0031-9007y96y77(10)y2017(4)$10.00
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Here I treat the initial stage of morphological a
compositional evolution during step-flow growth. As e
pected, there is an instability in which the compositi
and morphology are jointly modulated. However, t
continuum analysis [4] concluded that alloy decomp
sition is typically destabilizing for surfaces under co
pression, while under certain conditions surfaces un
tension could be stabilized absolutely. In contrast, I sh
here that decomposition isalways stabilizingin step-flow
growth, regardless of the sign of the stress. The rea
is simple: As large (or small) atoms incorporate p
ferentially in regions of tensile (or compressive) stre
they partially relieve the stress variations. Thus,
reduced instability reflects a “screening” of the stre
by alloy decomposition. As suggested by the screen
analogy, the instability is never completely suppresse
the surface always remains unstable. Moreover, the
gree of screening depends on the wavelength of
modulation. In particular, the most unstable mode is
screened at all. Thus, in one sense, the earliest ons
the morphological instability is unaffected by the all
decomposition.

Consider growth on a vicinal surface, i.e., one wh
is cut at a small angle to the atomic planes, so t
the surface consists of a staircase of terraces and
scending atomic-height steps. Step motion arises f
attachment and detachment of adatoms, which diff
over the terraces. (Bulk diffusion is negligible at typ
cal growth temperatures, and is not included here.)
simplicity, I neglect any diffusion barriers at steps,
well as any dependence of the adatom energy or mo
ty on the local strain and composition. These effe
are not always negligibly small, but when present, th
can have either sign, hastening or suppressing the
stability and decomposition. I prefer to focus here
those aspects which aregeneric to alloy strained-layer
growth.

It is convenient to decompose the velocityym of step
m into the contributions from attachment of the respect
speciesn, writing ym 

P
n ynm. Then previous result

for a one-component system [7] can be generalized
© 1996 The American Physical Society 2017
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Fn

2
sxm11 2 xm21d

1 Dn

≥hn, m11 2 hnm

xm11 2 xm
2

hnm 2 hn, m21

xm 2 xm21

¥
.

(1)

Here Fn is the incident flux of componentn, in mono-
layers per unit time;Dn is the adatom mobility;hnm

is the adatom density (as a fraction of possible si
in equilibrium with stepm; and xm is the step position
Increasingm corresponds to increasingxm and descending
steps. The first term in (1), in effect, represents s
motion due simply to adatoms arriving and diffusing
the nearest step. The second term gives the additional
motion due to the thermodynamic driving forces describ
below.

The adatom density at stepm can be written

kBT ln hnm  mnm 2 Ead
n . (2)

HereT is temperature, andEad
n is the energy of an adatom

of componentn. The interesting physics all arises fro
the dependence of the local chemical potentialm upon the
local composition and strain, where

mnm 
dE

dNn

Ç
m

. (3)

Here E is the free energy,Nn is the number of atoms o
componentn, and the derivative refers to addition of a
atom at stepm.

The free energy may be written (up to a constant) as

E  Ngnscnd 1 Eel 1
X
n

NnUn , (4)

whereUn is the energy per atom of componentn in its
pure and unstrained bulk form,Eel is the elastic strain
energy,N  N1 1 N2, and gnscnd is the free energy o
mixing of the unstrained alloy [12] with fractioncn of
componentn. Note thatgn depends onn only in that one
must specify which component is taken as the argum
(I prefer to use notation which is symmetric in the tw
components, e.g., usingc1 andc2 to denote the fraction
of the respective components, even when this lead
extra indices.)

Assuming a linear dependence of volume and ela
constant on alloy composition, the elastic energy is

Eel 
1
2

´2
X
n

Nnmn , (5)

where ´ is the local strain, andmn  MnVn , Vn and
Mn being the atomic volume and elastic constant for
respective pure materials.

The strain at a given step can be written

´  ´e 1 ´s , (6)

where´e is the misfit strain of epitaxy, and́s is the strain
from the elastic field of other steps [13]. The form
2018
)

p

ep
d

t.

to

ic

e

depends only on local composition, as

´e  1 2

X
cnan

a0
, (7)

wherean anda0 denote the lattice constants of compon
n and of the substrate, respectively.

Substituting (4)–(7) into (3) gives

mn  Un 1 gnscnd 1 c2ng0
nscnd

1
1
2

mn´2 2 m´c2nDn , (8)

where m 
P

n cnmn, g0 denotes the derivative,Dn 
san 2 a2ndya0, and the subscript2n denotes the com
ponent other thann (soc2n  1 2 cn).

Then substituting (8) into (2), and expanding in sm
deviations from the mean composition and strain,
adatom density at stepm is

hnm  hn 1
hn

kT
fJn´sm 1 Knscnm 2 cndg . (9)

Here hn is the adatom density for the uniform referen
system, andcn is the average composition, equal toFnyF,
F 

P
n Fn being the total flux. The linear-respon

coefficients are

Jn  mn´ 2 m c2nDn , (10)

Kn  c2ng00
n 1 m c2nD2

n 2 Dn´smn 2 md , (11)

where´ is the average strain, i.e., the epitaxial strain
compositioncn.

The straiń sm at stepm due to other steps is [7,14]

´sm  bh
X

nfim

´n

xm 2 xn
. (12)

Here h is the step height, andb is a ratio of elastic
constants, of order unity. This neglects the short-ra
elastic strain field from the “force dipole” of the ste
which is unimportant for the initial instability except
very high step densities [7].

To characterize the instability, one evaluates the
sponse to a perturbations of step positionsand compo-
sitions, and solves for the time evolution. Define a sm
periodic deviationj from ideal flow of equally space
steps:

xm  Lsm 1 Ftd 1 Resjeikmd . (13)

Here the complex coefficientj gives the amplitude an
phase for a perturbation of wavelengthl, where k 
2pLyl, L being the average step spacing. (The smal
possible period is two steps,l $ 2L, so0 # k # p.) As
with y, j can be decomposed into the contributionsjn

from the respective species.
As long as there is any incident flux, all steps a

initially advancing, so the composition at each step is

cnm 
ynm

ym
. (14)
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Substituting (9) into (1), using (12), (13), and (14), give

Ùjn  sQn 1 iFn sin kd sjn 1 j2nd

1 sSn 2 iRnd
1

FL
scn

Ùj2n 2 c2n
Ùjnd , (15)

where Ùj  djydt. Here

Pn  Dn

hn

kT
2
L

s1 2 coskd

Qn  PnJnbh´L22
≥
pk 2

1
2

k2
¥

(16)

Rn  Qn

Dn

´
L

2k 2 2p

ks2p 2 kd

Sn  PnKn .

Equation (15) represents two simultaneous equat
for the two components, or, equivalently, for the mo
phological and compositional degrees of freedom. O
solution corresponds to a purely compositional per
bation sj  0d, which neither grows nor decays wit
time. The other solution corresponds to the instabi
of interest here. For that two-component eigenvectorJn

of Eq. (15), the perturbation grows exponentially w
time, as

jn  Jnert . (17)

The growth rate of the instability is

r 

X
n

sFL 1 S2n 2 iR2nd sQn 1 iFn sin kd

FL 1
X
n

c2nsSn 2 iRnd
. (18)

If Kn , 0, the alloy is thermodynamically unstab
against spinodal decomposition. The present anal
cannot properly describe that regime, though clea
decomposition would be exacerbated in that case. C
versely, for Kn . 0 the thermodynamic stability of th
alloy reduces decomposition, but can never suppres
entirely.

Let us therefore focus on the case whereK is negligible
compared to strain effects, soS ! 0. In this case

Resrd °!
1

1 1 a2

X
n

Qn ,

a 
2p 2 2k

´Fks2p 2 kd

X
n

c2nDnQn . (19)

For comparison, without alloy decomposition Resrd !P
n Qn . Thus, decomposition isalways stabilizing—it

always reduces the growth rate of the instability
a factor 1ys1 1 a2d. The reason is that larger atom
incorporate preferentially in more tensile regions, a
smaller atoms in more compressive regions, so the a
decomposition in effect “screens” the lateral variations
stress associated with the morphological instability.

To better see what factors control the instability, o
can rewrite the terms in (19) as
s

e
-

is
y
n-

it

y

Qn  L23s1 2 coskdks2p 2 kd´2

3 bh
Dnhn

kT

µ
mn 2 m c2n

Dn

´

∂
, (20)

a  F21L23sp 2 kd s1 2 coskd2´D1

3 bh
X
n

c2ns21dn Dnhn

kT

µ
mn 2 m c2n

Dn

´

∂
.

Both the bare instabilityQ and the screeninga de-
crease with decreasing step density asL23. Both effects
increase with increasing straiń. However, the bare in
stability is independent of the absolute atomic size
ferenceD—only the ratioDy´ enters. In contrast, th
screening terma is directly proportional toD as well
as to´. Also, the bare instability is independent of t
growth flux F, while the screening depends sensitive
on the flux, asF21. Thus, for very fast growth ther
is essentially no screening, while the screening beco
increasingly strong as the growth rate drops. (As d
cussed above, the model here is inapplicable forF ! 0,
so there is no divergence ina in the range of conditions
treated here.)

The instability also depends sensitively upon wa
length. This dependence plays an important role
determining how the surface morphology evolves w
time. The dependence calculated from Eq. (20)
shown in Fig. 1. The surface is most unstable at sh
wavelengths—the bare instabilityQ is a monotonically
decreasing function of wavelength. The degree
screening, however, has a more complex behavior. L
the instability itself, the screening becomes weak at lo
wavelengths. But the screening also goes to zero at s
wavelengths. Thus the rate of step pairing (the earl
manifestation of the instability) is entirely unaffected
alloy decomposition.

FIG. 1. Dependence of (a) bare instabilityQ and (b) screen-
ing factora on wavelengthl  2pLyk, from Eq. (20).
2019
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FIG. 2. Schematic illustration of a possible late-stage gro
mode. The varying heaviness of cross-hatching repres
varying composition in successive layers, as discussed in
The resulting superlattice is clearest at right of the figure.

Finally, it is interesting to speculate about the la
stages of alloy step-flow growth. As for the sing
component case [7], one expects the surface to form
bunches, as shown schematically in Fig. 2. Conside
concreteness the case of SiGe on Si. From Eq. (12)
overall compressive stress is reduced at the top of
bunch, giving enhanced Ge incorporation there. Howe
the compression is increased at the base of the
bunch, favoring Si incorporation there. Under grow
conditions where the step bunch flows as a whole [15]
layers terminating at the top and bottom of a bunch
incorporate disproportionate concentrations of Ge and
respectively. As illustrated in Fig. 2, this corresponds
spontaneous formation of a superlattice, when a unif
alloy is continuously deposited.

Spontaneous superlattice formation has in fact b
observed experimentally, and is clearly related to s
[2]. However, it would be premature to suggest that
mechanism proposed here is responsible for the obse
phenomenon. Spinodal decomposition has also been
as a possible cause. A more complete analysis of
later stages of growth will be necessary in order to cla
the role of stress-induced alloy decomposition in s
fascinating phenomena.

Discussions with Peter Voorhees and Andrew Zang
are gratefully acknowledged.
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