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Instability and decomposition on the surface of strained alloy films
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A continuum dynamical model is developed to determine the morphological and compositional instabilities
on the free surface of heteroepitaxial alloy films in the absence of growth. We use a linear stability analysis to
study the early nonequilibrium processes of surface evolution, and calculate the stability conditions and dia-
grams for different cases of material parameters. There are two key considerations in our treatment: the
coupling between top free surface of the film and the bulk phase underneath, and the dependence of both
Young's and shear elastic moduli on local composition. The combination and interplay of different elastic
effects caused by lattice misfit between film and substfatisfit strair), composition dependence of film
lattice parametefcompositional straip and of film elastic constants lead to complicated and rich stability
results, in particular the joint stability or instability for morphological and compositional profiles, the asym-
metry between tensile and compressive layers, as well as the possible stabilization and suppression of surface
decomposition even below the effective critical temperature. We also compare our results with the observations
of some postdeposition annealing experiments.
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[. INTRODUCTION order to understand the morphological instability of strained
multicomponent films, and most of them focused on the
Instability is one of the most important phenomena inproperties and behaviors of growing layers with deposition
strained heteroepitaxial growth, where a thin film of differentflux.2°=2® However, the studies of the static film without
material is epitaxially deposited on a substrate and the misdepositiod”-?*are much fewer, although the stability of epi-
match of lattice constants between film and substrate leads taxial films in the absence of growth is also important from
strain in the grown film. In addition to the formation of misfit both the theoretical and experimental points of view. Using
dislocations and other defects, the strain can be relievethe treatment of thermodynamics, Giafias demonstrated
through the process of morphological instability, duringthat any strained alloy with a static free surface is unstable
which the growth mode of the film is changed from layer- due to the interplay of morphological and compositional in-
by-layer to three-dimensional island but the film still remainsstabilities. Furthermore, as also pointed out by Glas, this re-
coherent with its substrate. This dislocation-free morphologisult is valid provided all the evolution mechanisms are pos-
cal instability occurs in a wide range of heteroepitaxial syssible, and when the physically relevant mechanism is
tems, and has been well investigated both theoretitdlly considered, the unstable state derived thermodynamically
and experimentalRP for single-component materials . may not be kinetically accessible. This has been verified in
In recent years, more attention has been paid to the multthe nonequilibrium and dynamical analysis ofdnard and
component strained layers, in particular the binfeyg., Desai?* where the stability properties of both the nongrow-
Si; _«Gg, (Refs. 7—1]] and pseudobinare.g., In _,GaAs ing (statio and growing strained alloy films were deter-
(Refs. 12—-1Y] alloys. Since the materials are composed ofmined. Stabilization in nongrowing film was found to be
different kinds of atoms that may not be fully miscible, the possible for some parameter values, showing the significance
compositional inhomogeneities are expected to develop aif kinetic evolution process.
certain growth conditions. This alloy segregation instability In this paper we apply a nonequilibrium, continuum
couples with the morphological instability, resulting in the model in order to study the morphological instability and
simultaneous modulations of the surface profile and alloysurface decomposition of binary or pseudobinary strained
composition during the epitaxial growft>=1’ Another im-  nongrowing alloy films, i.e., films without deposition. The
portant phenomenon of the heteroepitaxial alloy films is thesystem is assumed to be elastically isotropic and follow the
asymmetry of the stability for compressive and tensile layersconserved dynamics of phase separation and surface diffu-
For Si_,Ge,, films grown under compression were ob- sion. Compared with the model of beard and Des&t and
served to be less stable than those under terisigmile for  other previous work, here we have two crucial considerations
In,_,GaAs the situation is more complicated: Whether which lead to significantly different stability results. First,
compressive or tensile films are more stable seems to depende to the fact that the surface phase and bulk phase in a
on the material's growth raté® Compared with single- strained film are intimately coupled with each other, we take
component films, there is an extra effect on alloy strain duénto account the total free energy of the system, not just the
to composition dependence of the film lattice constdnf.  surface state and energy as used betbi@econd, the film
The combination of this compositional strain and the film-elastic moduli(both the Young’s modulug and shear modu-
substrate misfit strain highly influences the stability behavdus x) are considered to be composition dependent, which
iors of alloy films2%-2% deeply affects the stability properties. Presenting the linear
Some theoretical investigations have been carried out ianalysis on early evolution of surface profile and composi-
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tion, we derive the stability conditions for nongrowing film Note that in Eq(2) there are two ways to study the surface
as well as stability diagrams for various material parametersomposition fluctuations. The first offeis evaluating the
appropriate to realistic systems. free energyF at the surface and then calculating the func-
In Sec. Il, we describe the continuum model with con-tional differentiation with respect to surface composition
served dynamics and present the mechanical equilibriurfield ¢, that is, only considering the surface state. Here we
equation for the elasticity of this film system. The linear take into account the intimate coupling between surface state
stability analysis is carried out in Sec. Ill, resulting in the and bulk state and use the other Waypply the total free
characteristic equation for perturbation growth rate. The reenergyF of the whole system to calculate the composition
sults related to the stability conditions and diagrams arelynamics and then evaluate it at the surface, as has been
shown in Sec. IV, and the discussion and conclusions ardone in the previous study of surface critical phenomena for

presented in Sec. V. spin fluctuationg®
In Egs. (1) and (2), Vﬁ is the surface Laplaciarg=1
Il. MODEL AND ELASTICITY FORMULATION +|Vh|? represents the determinant of the surface metric, and

Wi i ined all d of the kinetic coefficients are denoted®h& ,=DN¢/kgTN2
e consider a strained alloy system composed of a semj, F¢=Fh8‘1 with 6 the effective diffusion thickness of

infinite substrate occupying the regiar<0 and aA;_ By surface layer. Her®, is the surface diffusivitykg is the

kir;]ary or [r)]seuﬂobmary alloy tf"n:h n tf;e reﬁqu.)nh?(z . Boltzmann constant\g andN, are the number densities of
(x,y), whereh(x,y) represents the surface height vari- atoms per unit surface area and per unit volume, respectively,

able. The film-substrate interface locateat0 is assumed  ong 7 s the temperature. The total free energy functiofal
to be planar and remain coherent without generating any., )i« of three contributions

misfit dislocation. In this heteroepitaxial system, the misfit

strain caused by the difference between the lattice constant F=Fot FoL+ Fa. 3)

of the film a; and that of the substrate, is characterized by _ o _ _
e=(aj—ay)/as. Thus,e>0 or <0 implies a strained film The_f|_r§t contributionZy is the surface energy, which plays a
under compression or tension, respectively. To describe th&fabilizing role and can be represented by a drumhead model
composition profile of the film, we use a continuous variablewithout pinning term:

¢(r,t) which is defined only foe=0 and is proportional to

the local dlff_erence in the concentra}tyons_ of two constituents. FJh]= 7f d2r \/5 (4)
Corresponding to an alloy compositiog its average value

¢ is equal to X—1. Here we focus on the symmetric mix- Herey is the surface tension, and for simplicity we assume it
ture, i.e. X=1/2 alloy, for which the spinodal decomposition to be isotropic and composition independent. The second
theory can be well applied, and then we hae 0 in what  term in right-hand side of Eq3) determines the phase be-
follows. Due to the atomic size difference betwekandB  haviors of binary compounds and is the Ginzburg-Landau
species, the film lattice parametay is composition depen- functional
dent and the solute expansion coefficientdlnas/d¢p
(Refs. 18,19is defined to measure the compositional strain.
Assume that the thin film has been grown under ultrahigh
vacuum condition, e.g., in a molecular-beam epit&BE)
system, and then the evaporation and recondensation on filhere the parametefsr’ =kg(T.—T)N,, u is a tempera-
surface are negligible. Furthermore, we also neglect the irture independent positive constant, anekgTN,a3/2, with
terdiffusion between film and substrate as well as the diffu-T. the critical temperature of the binary alloy aiag the
sion and compositional relaxation in the bulk film, since theeffective interaction distance. For the bulk alloy without
bulk atomic mobility is much smaller than the mobility at the elastic strain, whem>T, the equilibrium state is homoge-
surface in typical epitaxial growth. Thus, the dynamics ofneous with¢=0, while for T<T. we have the coexistence
morphological and compositional evolution is dominated byof two phasesp=+ \r’/u. The last termV ¢|? in Eq. (5)
the surface diffusion and surface decomposition processesgpresents the gradient energy that penalizes the sharp com-

h !
feLw.h]:f_xd?'r[—%¢2+§¢4+§|V¢|2 . ®

and should be conserved. positional changes, and is important for stability analysis:
For the evolution of surface profile, the surface diffusionThe lack of it leads to a nonphysical divergence for short
mechanism leads to wavelength modé®%2
The last contribution in Eq(3) is the elastic free energy
oh ,0F functional 7, and is crucial for this stress-driven system.
E‘rh@VS%’ @ From linear elasticity theory, it can be expressed as

while to measure the time-dependence of concentration field 1(h
at the surfaced[x,y,h(x,y),t]=¢(x,y,t), we apply the fel[d’vuyh]:Efﬁxdsrsijklo'ijo'klr (6)
conserved dynamics
whereo;; is the stress tensor ar@y, is the elastic compli-
9% _r 222 (zy ance tensor with the form S =6 (L1+)/E
ot ¢ ' — 8,0 v/IE for isotropic systems(subscriptsi, j, k, or
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=X, y, z). Generally, the elastic constar(tdéoung’s modu- = 2 - (Ot auy)
lus E, shear modulug:, and Poisson rati@) are dependent §=&+ 3 §(0,2,0)e™HY,
of the local composition, and here we consider this depen-

dence to first order, that is,

(14)

with small perturbati0n§ around the basic statEwhich
corresponds to a planar film with fixed thickndgs=h and
= o1+ ut ), ) uniform compositiong=0. Note that irl Eq.(14) when &
denotes the height variable ¢ is in facth(q,t). The basic-

tate solutiof??* for the film leads tou}=u}=0, ul=uz

E=Ey(1+E} ¢),

andv=E/2u—1. In this paper we take the system as being
elastically isotropic, and neglect the difference in the averagg_ — — X V= -
elastic constantsH;,, o, andvy=Eq/2uo— 1) between film ~ With u=U;,=e(1+vo)/(1-vq), 0y,=0yy=0=—2uoU,
and substrate. This is appropriate for systems with substratend other stress and strain tenscﬁé ,(;ifj) to be zero. For

and film having similar elastic constants. the substrate, the basic state is unstrained andiufre® and
To determine the elastic enerd§), we need to get the — — .
uj=03=0 (i, j=x, Y, 2).

solution for the displacement vector which satisfies me- , o . )
chanical equilibrium The mechanical equilibrium equatid8) with boundary

conditions (11)—(13) can be solved to first orde®(h, )

using the above expansidi4). Here we use the detailed
907 =0 ®)  solutions given by Lenard and Des&f where a crucial step

in the whole film/substrate system. According to Hooke'sis to introduce a new variabM/ with

law for isotropic system, the linear stress tensor is expressed

as

v 1+v V2W= ¢, (15)
O =2 T Wit Ui~ 7o (et 1), (9)

with the presence of misfit straia and composition strain  or equivalently, ¢>—q?)W= ¢ with q>= g3+ C|§ . After sub-

n¢, where the linear strain tensay; is given by stituting the solutions in the free energy functioral—(6)

and then in the dynamical equatiof®) and (2), we can

obtain the linearized evolution equations for morphological

and compositional perturbatiorts and ¢ to determine the

The boundary conditions are needed to solve the above metability of the system.

chanical equilibrium equation. At the free surface of the film,  \What we are interested in is the behavior of perturbations

i.e., atz=h(x,y), we have for the stressed film without deposition. The fluctuations of
alloy composition mainly occur at the surfaze h(x,y) due

(11) to the surface relaxation process, and should attenuate along
the vertical directiorz as the surface/bulk coupling weakens

due to the negligible pressure on the film surface. Hgris  with the increasing distance from the surface and the bulk

the unit vector normal to the surface. Since the film-substratenobility is very small. Thus, the bulk compositional pertur-

interface atz=0 remains coherent, we get the continuouspation ¢, caused by the free surface disturbance is hypoth-
conditions for both stress and displacement tensors esized to decay as

Uij:((?in+(9jUi)/2. (10)

f —

S
=0

f
T i

! and uf=u?, (12)

where superscripté and s refer to the film and substrate, gbb=<2>se"‘(h0*2), (16)
respectively. Finally, the strains far from the interface, that is,

for z— —o0, are expected to decay to zero:

with the correspondingV= ¢.e~“"0~2/(k?—q?). This ex-

ui—0 and uj—0. (13)  ponential form is for the early evolution regime and similar
to that used in previous wofk:?’ The parametek in Eq.
Il LINEAR STABILITY ANALYSIS (16) is equal to 14, with b the vertical length scale of com-

positional perturbation caused by free surface. Due to the
In order to determine the stability properties of this non-negligible atomic mobility in the bulk and guided by the fact
growing strained alloy system, we apply the linear analysighat the vertical morphological perturbation is very small
on evolution equationél) and (2) with the use of formulas compared with the lateral variation, one can assunxe\,
(3)—(13). For a general variablg, which could be displace- where A\~ 1/q is the typical lateral wavelength of surface
mentu; , composition fieldy, or height variableh, its Fou-  modulation. Therefore, for the range @that corresponds to
rier expansion yields typical surface structure, we have
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K>q 7

in Eq. (16).
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k:qlo,

Using the solutions of mechanical equilibrium equation

and the assumptiond6) and(17), we have derived the dy-
namical equations fon and gAbS. To first order of the pertur-

bations, they ar¢in nondimensional form
oh*lar=(e*2k3— y*k*)h*

k2
B 1+ Vo

2ET —(1+wo)u]
2(1_ Vo)

6*2 (ﬁ:,

(18

e n*+

and

3
apElor=

_ * %
1_VO{(l 2vo)e™ 7

+[2EF — (1+ o) u} 1€* 2}h*

8ES —5(1+vo)ut |

-k K?=1+ 5
2(1—vp)

(19

where the “+” sign corresponds to the cases in which the

alloy is above(* +") or below (“
temperaturel®" defined by

—") the effective critical

2Ey 7

eff _+ _ ——Y T
Tc Tc 1- Vo kBNU '

(20

which is the same as the spinodal temperature of alloys with

coherency stress derived by Cafin.
Here we have rescaled the variables and parameters

1/2
61

2E,
Ir

1+V0
1_V0

*:

€

12
n.

2E,
Ir

1+V0
1_V0

(29)

|

In the early time regime of the perturbation’s evolution,
the growth rates of morphological and compositional pertur-
bations, i.e., o, and o,, are defined throughh*
=hgexplenn) and ¢ = doexp(o,1), respectively. In general
cases(e.g., bothe* and »* are nonzerptwo dynamical
equationg18) and(19) couple with each other, which leads
to the joint stability or instability of surface morphology and
composition, that isg,= o ,= o. Therefore, from Eqs(18)
and (19) we can obtain the characteristic equation for the
perturbation growth rate-:

8E7 —5(1+wo)ul
2(1-vd)

(o+ y*k*—€e*2k3)| o+ k2| K®=1+

k5

{(1-2po) " 7*

Xe*n* ||+

") 2(1+ o) (1— 1)
T+ [2ES — (1+ vo)ud * 22(1— vg) € 7
+[2E% — (1+ vo) ¥ 1e¥2} =0,

to (25)

make the equations nondimensional, using a characteristighere the “+” (“—") sign corresponds tor> Teff (T
C

length scale

|r|)—l/2

C

o

which is the typical width of domain interfaces, and time

scale
To= (

(21)

r -1
with
r=r'—2Eu7?(1-vo)=kg(TE=T)N,, (23

as well as the transformations

<T™M. The real part ofr determines the stability properties
of the system: For ReX) >0, the film is jointly unstable to
morphological instability and alloy decomposition instability
at the surface, while if Re) <0 is fulfilled for all the wave
numbersk, both the morphological and compositional modu-
lations are suppressed. When BEE0 and Im() #0, the
instability is oscillatory. In the following calculations, we
first (Sec. IV Aand IV B focus on the real part af for each

of the solutions of Eq(25), and use the largest or®ith
respect to all evolution moddg to determine the regions of
instability. Within the unstable region, the imaginary part is
then computedSec. IV Q to determine the regions of oscil-
latory instability.

Note that in Eq(25), quantitiesk, y*, €*, »* depend on
temperature via the coefficiemt[see Egs.(23), (21), and
(24)]. The temperature dependence of the system’s stability
can be made explicit by rewriting E(R5) in a dimensionfull
manner, which is
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C3/2 oh= e*2Kk3— ’}’* k4,

1+v c
{QTO-F —5/2(7q4—2E01_ 062q3> Q7o+ —2q2
Ir] Yo r KK, i T>T,
= ) 2
I = . . 7T kA2, i T<T,, @8
X| —r+cq ™+ ———=[8E] —5(1+vp)v] |e
“ (1—1/0)2[ 131 *vo)vilen where the Asaro-Tiller-Grinfeld instability for morpholoty
) is recovered, as also shown in the model obhard and
c>? 2Ep(1+wy) Desai.
+ g{(1—2vp)en * ;
r|%2 (1—vg)* For more general case aef #0 and »* #0, that is, the
0 strains generated by both the lattice mismatch and composi-
+[2EF — (14 vo) uf 1€2H2(1—vp)en tional nonuniformity are nonzero and coupled, we have a
. o o quadratic equation for the common perturbation growth rate
+[2E% = (1+ o) u¥ ] €2} =0. 20 o
Thus, in this characteristic equation for the perturbation o2 +a,0+a,=0, (29)

growth ratec (= 17y), the temperature dependence enters
only through the quantity which is linearly dependent oh  with the rootso=(—a;* \/a21—4a0)/2 and coefficients
as given by Eq.23). Even though the characteristic time
scaler, depends on temperatufgq. (22)], this dependence a;=y* k= e* 23+ k3 (k*= 1),
does not have any effect on stability boundaries.
1_ 2V0
— 2( 2+ *x14_ %213 *x2,_ %215
V. RESULTS ag=k(k“x1)(y*k*—€ k)+—1—v§ €*“np* ke,
From Eqs(18)—(25), the stability property of the strained (30
film depends on material parametefs, »*, EY , uT, v*, Usually the Poisson ratig, lies in the range from 1/4 to 1/3.
andv,. In the following we give the results of film stability Consequently, foﬂ'<T§ff [bottom sign “—"in Eq. (30)], we
for the cases of composition independent and dependehiavea;<0 anday>0 when the wavenumber is very small,
elastic constants, as well as different conditions of misfit and.e., k<1, corresponding to the solution Re(>0. Then the

compositional strains. instabilities of surface morphological and compositional pro-
files are expected to appear simultaneously below the effec-
A. Composition-independent elastic moduli(E =u% =0) tive critical temperature.

. : . ForT> Tgﬁ, the stability properties are more complicated
When ignoring the dependence of elastic constants on thgnd we present the analytic results as followsy1P> y*
local composition, we have=E,, u= uq, andv= v, from

: . - I .
Eq.(7), and the derived evolution equations for perturbationsJrl [i-e., y*>(1+5)/2], the stability condition for this

N ~ o ) strained film is

h* and ¢% as well as the characteristic equation ferare

the same as Eqg18), (19) and (25) after settingE¥ = u* € 2<2(1+y*)Y2 and 5*?> k2, (31)
=0. Whene* = »* =0, that is, neither misfit strain nor com-
positional strain exists in the film, the dynamical equation
for h* and ¥ decouple, with different perturbation growth

with 7&2=(1—v3)/(1—2vo). Otherwise, if y*2<y*+1
[i.e., 0<y* <(1+/5)/2], the system is stable when

rate €*2<2’)’* and 77~k2> 7]90:2 (32)
O'h:_’y*kA, or
) i * < * 2 *\1/2
_k4_k2, if T>Tg ’ (27) 2’)/ € <2(1+’y ) and
=) _ a2 eff
k*+ k s if T<TC o s 6*2(9’}/*2_26*4)_2(6*4_3’)/*2)3/2
7 >t 1-

which recovers the results obtained byobard and Des&f*
Thus, the surface morphology is always stable and the com- (33
positional stability is similar to that of bulk alloy: FoF

>Te" (=T, when 7=0) the system is stable, while for Therefore, in this stress-driven epitaxial system the instabil-
T<T§ﬁ spinodal decomposition occurs for long wavelengthsity of both morphology and composition could also occur
(k<<1). For the case of zero misfit but nonzero solute expanabove the strained spinodal temperat[ﬁ? and for large
sion coefficient, i.e.e* =0 and »* #0, the dispersion rela- misfit e* or small solute coefficieny*. This result is very
tions are the same as E@7). Note that the compositional different from the bulk alloy where only below the critical
perturbation rater , obtained here is different from that of temperature, can the spinodal decomposition be present. This

277* 26* 2

the previous worksee Eq.(44) in Ref. 24]. instability is due to the coupling of morphological and com-
Whene* #0 and»* =0, corresponding to nonzero misfit positional undulations, as pointed out by Glagom the
stress but zero solute stress, our results yield thermodynamic point of view.
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T>T.”, v,=1/4, E,'=,’=0
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1 L e - > —
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- Y" 5
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—5—4—3—2—1(212345
€

FIG. 1. Stability diagram for nongrowing strained alloy film
with EX=u*=0, temperatureT>T" and v,=1/4. Region

marked by ‘S is the stable region. Long dashed and solid thick

lines denote the stability boundaries fgo¥ =0.5 and 5, respec-
tively. In the unstable region, the domain marked &s™ corre-
sponds to steady instability and that marked ds$sso” corre-

sponds to steady or oscillatory instabilities depending on the wave

numberk. The boundaries betweerl)'s” and “ Ugg o” regions are
indicated by dashedy* =0.5) and dotted ¥* =5) thin curves.

The corresponding stability boundary in te&-%* space
is shown forvy,=1/4 and different values o* in Fig. 1
(thick lines. The stability boundary fory* =5 corresponds
to the case ofy*?>+*+1 and then is determined by Eq.
(31), while for y*=0.5 the conditions(32) and (33) are

used. The stabilizing effect of surface energy can be seen (i)
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elastic moduli. The coupled perturbation growth rateis
then governed by a quadratic equation of the form similar to
Eqg. (29

o’+ao+ay,=0,
but with different coefficienty:
a; =y k*—e* A3+ k3(k?+ 1),
ag=k2(k?=1)(y*k*—€*2k3)
[2E7 —(1+vo)ui]?

€* K5,
2(1+ Vo)(l_ Vo)2

(34

When T<Te" it is easy to show that Re{)>0 for k<1
and then the system is unstable, while Tor TE" the film
can be stable for certain values of misfit, as specified in
the following stability conditions. Ify* 2> y* + 1, the stabil-
ity occurs for

X 1<e*i<2(1+y*)Y2 (35

with

[2Ef - (14wl

2(1+vg)(1— )2 (36

X

while for y*2<y* +1, there are two regions of stability. In
the first one,
X l<er?<2y,

(37)

is fulfilled. In the other, four conditions have to be fulfilled:

directly from the figure, where the stable region is enlarged

with the increasing value of surface tensigh. The stability

diagram here is symmetric with respect to the sign of misfit

€* since we have assumed the composition independence of

elastic moduli in Fig. 1.

B. Composition-dependent elastic modul{(E} #0, pi #0)

More interesting and richer results are obtained for the

cases of composition-dependent elastic constants Bjth

#0 anduy #0, where the coupling of misfit strain, solute

29* <e*?<2(1+y*)2 (38
4
(i y*>gx (39
9
E~k2
(i)  y*> (40)

3(3ye* 22— 1)1’

and

2 8
(V) gy i<er?<gxh

strain and composition dependence of elastic moduli can

highly affect the behaviors of perturbation growth.
For the lattice matched films, that istf =0 with »* ar-

bitrary, the morphological and compositional degrees of free-

dom decouple, as obtained from dynamical equatici@
and(19). The perturbation growth rates, ando , also obey

Eq. (27), corresponding to the stability properties the same as
that of EY = u7 =0. However, when lattice misfit exists, i.e.,
€*#0, the composition dependence of elastic constants
leads to substantially different results. In the absence of
atomic size difference#* =0), the dynamical equations for

h* and ¥ remain coupled, which is qualitatively different
from the case shown in E28) for composition independent or

195421-6

or
6*2>§X_11
6*4 1/29 3/2
and ’y*2>7 %) (§X6*2—4) €*
3 2
—3(5;(6*2—1 +1],




INSTABILITY AND DECOMPOSITION ON THE ...

T>Tce"y T]*:O, 'UO=1/4, E1w=—0_4’ M1”=_0'1

5 T T T T T T

4 - .
3 r U |

o

2 r |
1 i
0 1 1 | Il Il Il 1

15 16 17 1.8 1.*9 20 214 22 23

le]

FIG. 2. Stability diagram fom* =0 nongrowing strained alloy
film, with T>Te", »y=1/4, E¥ = — 0.4, andu? = —0.1. Stable and

c
unstable regions are marked aS"‘and “ U,” respectively.

€e* 2>§X_1!

(3l

3
EX&_*Z_l

x4 9

5X6*2—4

2

4

The stability diagram ofe*| vs y* corresponding to Egs.
(35—(40) is plotted in Fig. 2, where the parameterg
=1/4, E} =—-0.4, andu} = —0.1 are chosen. One can see

3/2
and y*2< ) €*

. 47

N>

2
+1

from the diagram that in the absence of compositional strain
but with the composition dependence of elastic constants, the
system above the effective critical temperature can be stabi-

lized for intermediate magnitudes of mis#t* and large
enough effective surface tensiosi .
For the most general case #0, n*#0 and E} #0,

ui #0, corresponding to the lattice mismatched and compo-

PHYSICAL REVIEW B65 195421

a=2E7 —(1+vo)ui,

_ BEI —5(1+wo)ui
2(1-vd)

(43

The stability conditions can be derived by studying the real

part of the solutionso=(—a;= \/a21—4a0)/2, and we

present the analytic results below for bo'Ifh>T§fr and T
<TeM.

The stable epitaxial film should first fulfill

Be* p* £1>0, (44)

and then similar to the other cases, the conditions)fof

>y*+1 or y*2<y* +1 are different. Fo*2>y* +1, the
stability conditions are

sitionally stressed film with composition-dependent elastic

constants, the coupled dynamical equations are described
Egs. (18) and (19), with joint perturbation growth rater
given by Eq.(25). The characteristic equatid@5) is in fact
guadratic, with coefficients

a; =y k*— e*AC+ kK> =1+ Be* ¥ ],

ap=K2(y*k*— e* 23 [k2£ 1+ Be* ¥ ]

k5

) * % * 2
+2(1+v0)(1—vo)2[(l vg) € p* + ae* ‘]
X[2(1—vo) €* p* + ae*?], (42

with the parameters

X< A(y* +1)(Be* p* = 1) (45)
and
A<0,
or
450 and e e AT
and = = 1e)(1-2vg)
or
A>0 and 7*< e AT 46
and 7 S 1= g (1-2vg) (46)
where
p=—2EI+(1+vo)(2—vo)u7
in 2 5
A=[p°=8(1—vp)(1—2vp)a’]
X €2+ 16(1+ vo)(1— 1) 3(1—2vy). (47)

On the other hand, fop* 2<y* + 1 the system is stable only
when the following conditions are fulfilled:

<Ay 2(Be* p* +1), (48)
as well as all the conditions in E¢46), or

Ay*2(Be* p* 1)< e 4 <A(y* +1)(Be* n* £1)

and
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T>T.", v=1/4, E,'=-0.4, i, "=-0.1 (y'=5) T>T.™, v,=1/3, E,'=—0.25, j1,'=—0.5 (y'=3.5)
T T T T Bl T T T T T T T T T T T T 7
1 4 - II S&Q’I_
_ 3 [ _
=
_ 2 [ _
AN
_ 1 [ _
Ugo 2>
0 - 1 1 1 1 1 1 1 1
5 5 -4 -3 -2 -{ 1 2 3 4 5

0
£

FIG. 3. Stability diagram for nongrowing strained alloy film FIG. 4. Stability diagram foﬂ'>T§ff strained alloy film in the

with T>T" parameters of set 1 are chos@f:=—0.4, u* = absence of growth, with set 2 parametdfs =—0.25, uj=
—0.1, vyg=1/4, andy* =5. Stable and unstable regions are marked— 0.5, v,=1/3, andy* =3.5. Regions with different stability prop-
in a manner similar to that in Fig. 1. erties are marked as in Figs. 1 and 3.
1-2v, p the stabilization mainly occurs under tensile straéfi €0)
> 1" 24+ € 7" and the stable regions increase with larger valug’afwhile
1= 2(1+ o) (1= o) for compressive films the instability cannot be suppressed for
o2 most of the parameter values, especiallyTeITﬁﬁ. In con-
+ €251 | e*? trast, the InGaAs-like parameters of set 2 lead to opposite
2(1+ vo)(1—vg)? asymmetry: Larger part of stable region is found in positive
2 misgi.tl' €*, an<rjl Iaygrs F;ubje:t t% téansile strain exhibit less
£2/ o % % x4 stability, as shown in Figs. 4 and 6.
* 27y*2[97’ (Be"n*+1)=2€"] The other important effect of composition-dependent elas-
tic moduli is on the system below effective critical tempera-
B w43 %2 gk %+ 1113250 ture TS". For all the other cases described above, including
273/*2[6 VB 1) : the ones folE} #0 andu} #0 but with one ofe* and n*

equal to zero, the compositional profiles ﬂ')1<T§ff are un-
(49 stable, in agreement with the usual expectation that the

Note that in Egs.(42), (44), (45), (47)—(49), the top sign strained alloy near 50—50 mixture should exhibit decompo-

applies when the temperatufas above the effective critical
temperatureT®™, and the bottom sign corresponds To
<t

The stability diagrams can be calculated according to the
above result$44)—(49). Here we use two sets of parameters
(1 and 2 to plot the stability diagrams oT>T§ff and T
<T&" as shown in Figs. 3—6. For the first $get 1, used in
Figs. 3 and B where all the material parametéesg.,T., v,
as, N,, and elastic constantare chosen to qualitatively
represent the SiGe alloy, we havg=1/4 andy* =5 ob-
tained from Eq.(24), and assume thaE}=-0.4, ui=
—0.1. The second set 2 is expected to qualitatively represent
the InGaAs alloy and applies to Figs. 4 and 6, where we
choosevy=1/3, y*=3.5, E} = —0.25, anduj = —0.5.

Compared to symmetric diagram Fig. 1 fléf = u} =0, 0 : : :
Figs. 3—6 exhibit the asymmetry for compressive and tensile -
layers, i.e., the stability depends on the sign of misfit
which is one of the major consequence of local composition FIG. 5. Stability diagram for nongrowing strained alloy film
dependence of elastic constants. In Figs. 3 and 5, corravith T<Te" and composition-dependent elastic moduli. The param-
sponding to parameters of setsimilar to the case of SiGe  eters are of set 1 as described in Fig. 3.

T<T.”, v,=1/4, E,'=-0.4, u,'=-0.1 (y'=5)

Cof
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T<T.™ v,=1/3, E,'=—0.25, u,"=—0.5 (y'=3.5) oscillatory instability, steady instability can also exisut

. . . for different modek), and the competition between these two
kinds of unstable modes determines the surface profile.
7 When oscillatory modes dominate or coexist with steady
modes, the surface disturbance is expected to propagate lat-
erally, with the phenomenon that one side of the surface
bump will grow faster than the other side.

V. DISCUSSION AND CONCLUSIONS

Our calculations above have shown that the stability prob-
lem of free alloy film surface under both morphological and
compositional strains is essentially a nonequilibrium and dy-
namical problem even for static films, i.e., in the absence of
growth. Although in the sense of thermodynamics and equi-
1 5 3 4 librium, it has been demonstrated that the instability can ap-

pear in any stressed alloy with a free surfatthe physically
based choice of nonequilibrium evolution dynamics leads to

FIG. 6. Stability diagram for nongrowing strained alloy film different conclusion that the system can be stabilized for cer-
with T<T§ff as well as the set 2 parameters as described in Fig. 4ain values of parameters. As shown in Figs. 1-6, the joint

instability can be suppressed by large enough compositional
sition and phase segregation below the coherent spinodatrain (5*), which has also been found for growing films in
temperature®". However, the coupling of all the factors of the film-vapor local equilibrium model of Guyer and
misfit strain, solute strain and composition-dependent moduloorheed® as well as in the dynamical model of Spencer
causes different and new effects. As shown in Figs. 5 and 6t al?? with unequal atomic mobilities for different alloy
when all the variableg*, 7*, E] , anduy are nonzero, the constituents.
film below T¢" can also be stable for certain range of param-  In the previous work?224this stabilization of composi-
eters. That is, it is possible to suppress the surface decomptional stresses would be overcome by larger magnitude of
sition even forT<T§ff due to the coupling effects in this misfit €*, while in our results similar phenomenon occurs for

0 1 1 1
4 -3 -2 -1

"ol

heteroepitaxial system. €* values far from zero, but the other parts of stability dia-
grams are more complicated. In Fig(#ith the parameters
C. Oscillatory instability [Im (&) #0] of set 2 andr>T¢™ and Figs. 5 and 6 foF<T¢", when the

magnitude of misfite* is close to the minimum of the sta-

When the system correspon(_js to the unstal_)le pgrametesﬁity boundary and is made smaller, then higher valugybf
region of stability diagram, that is, Re]>0, the imaginary  1e|ated to larger compositional straiis needed to suppress
part of o determines whether the onset of this instability IS the instability, and for parameters of set 1 with TS (Fig

1 C .

steady[Im(o)=0] or oscillatory[Im(c)#0]. The occur- . :
rence of oscillatory instability has been found in the study of3) the stable regions are much more irregular, due to the

S ) . combination of misfit and compositional strains as well as
directional solidification for stressed solfdand the growing b

90 . composition-dependent elastic moduli. Even for the case of
process of alloy thin film&° and been attributed to the phase composition-independent moduli, the results heteown in

rIEig. 1) are different from before. For sufficiently largg the
nonphysical short wavelength divergefft& is avoided due
to the inclusion of gradient energy and the return of
instability’* is not found here due to the consideration of

field, induced by nonlocal elastic stresses.
We calculate the imaginary part of perturbation growth
rate o through characteristic Eq25). If for a certain wave

numberk, we have both Ref)>0 and Im()#0, oscilla- coupling between surface and bulk phases.

tory 'nSta}slf)f”'ty may occur. The results far* #0, " #0, The introduction of composition dependence of alloy
andT>Tc", corresponding to the parameters range of MoShastic constants, which makes the effective elastic effects
experiments on strained films, are shown in Figs. 1, 3, and 4gnjocal, leads to the presence of asymmetry in the stability
with the thin dashed or dotted boundary curves. For the casgs fiims under compression or tension. Some experiments
of composition independent elastic moduli, as shown in Fighaye tested this misfit sign dependence. Although these ob-
1, the oscillatory unstable regions are symmetric with respecieryations are all for the growing films, they can still be
to misfit and more regular. Large solute coefficient  heipful to check our theoretical results for films without
favours the occurrence of oscillatory instability, and if misfit deposition. Our calculations using parameters similar to that
€* is large enough, the oscillatory instability is obtained ¢ SiGe (shown in Figs. 3 and)5exhibit the preference of
when 7* exceeds a fixed valuen;=[(1-v5)/(1  stability for tensile layers, consistent with the experimental
—2vg)]*2, which can be derived analytically. When the elas-findings of Xieet al” Various experiment&—Sindicated that

tic constants are composition dependent, iE€;,#0 and the way of asymmetry for InGaAs alloys depends on the
ui #0, the oscillatory regions are asymmetric and irregulamaterials deposition rate, while our results in Figs. 4 and 6
(see Figs. 3 and)4Note that in these parameter regions of with a specific selection of parametéset 2 suggest that the
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compressive layers are more stable for nongrowing film. an annealing temperature, and attributed this sharp tempera-

The simultaneous interaction of misfit strain, solute strainture dependence to the existence of an energy barrier. Our
and composition-dependent elastic constants makes the stieoretical resultgfor the case off > T, e.g., stability dia-
bility possible even foFI'<T§“, which is not possible in the gram such as Fig.)3 obtained from the surface diffusion
absence of any one of them. The corresponding diagrams amgechanism, can explain this temperature dependent phenom-
shown in Figs. 5 and 6. This phenomenon is very differenenon without the introduction of an energy barrier. For small
from what we expect, since in usual bulk strained alloy thetemperatureT (but still aboveTe", as in real experiments
spinodal decomposition always occurs bel®fl .»® The re-  we have smalr| [see Eq(23)] and then large/* (resulting
lated experiments are lacking since most of the epitaxial exin the large stable region of the stability diagnaamd large
periments are carried out above the effective critical tem-*, which are apt to suppress the instability. WHEnn-
peratureTﬁ“. creases, the value @ becomes smaller, and more impor-

Note that although in the above analysis, we have distintantly, y* and »* also decrease, rendering the system closer
guished the stability results and diagrams into two temperato the unstable region of the stability diagram. Thus, one can
ture regimed > T andT<TE", in each regime the stability reach a transition temperature above which the annealing
properties are still temperature dependent. This can be seéistem is unstable, as found in the experiments.
from our theoretical diagraméFigs. 1-6 as well as the In summary, we have developed a continuum model to
charateristic equation(25) for perturbation growth rate, study the nonequilibrium evolution processes of strained al-
where the system stability is shown to depend on the redoy films in the absence of growth. With the consideration of
caled parameters*, »*, andy*, which in fact are all pro- coupling between surface and bulk states as well as the com-
portional to|r| =2 with r linearly dependent on temperature position dependence of elastic mod®oth E and n), new
T [see Eqs(24) and(23)]. This temperature dependence of and more complicated stability results and diagrams have
stability property can also be obtained from E26) that has  been obtained using linear stability analysis. In general case,
dimensionfull form. joint stability or instability is found due to the coupling be-

It is interesting to compare our theoretical results for in-tween morphological and compositional perturbations. More
stability with the observations of isothermal annealing ex-importantly, the interplay of morphological and composi-
periments on strained films. Experiments on SiGe/Si posttional strains as well as the composition-dependent elastic
deposition systefit®3! have exhibited a morphological constants leads to the stability dependence on the sign of
evolution procedure from an initial planar film surface to afilm-substrate misfit, and the possibility of stabilization even
rough surface profile with ripples or islands during annealfor films below TS". Here we only study the early film evo-
ing. Also, along with this morphological modulation, the Ge lution, and the nonlinear effects should be considered for
segregation has been found on the surface of SiGe layers bgter regimes and for the determination of detailed surface
Walther et al,® which corresponds to the coupling of com- morphologies and patterns.
positional and morphological instabilities studied here. The
temperature effect on the stability of,3G&, 5 strained films
has been investigated by Chenal*° They observed that the
evolution to unstable surface morphology only occurs above This work was supported by the NSERC of Canada.
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