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Dynamics of dislocations and surface instabilities in misfitting heteroepitaxial films
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We introduce a continuum model of elasticity in a nonequilibrium multiphase system—including smooth
and singular strains, as well as their coupling to free surfaces—and apply it to the dynamics of misfitting
heteroepitaxial films. Above a critical thickness, defects relieve strain, competing with an instability at the
interface. Depending on their mobility, defects can screen stress by building up at large-curvature groove tips,
leading to high ductility, or be “outrun” by the tips, leading to brittleness. Hence we find a nonequilibrium
brittle to ductile transition.
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The properties of thin films can be tuned by growing themof such a coarse-grained approach is that the time evolution
on a substrate that induces strain. However, such misfittingg on experimentally relevant scales.
heteroepitaxial thin films can only be grown to a critical Herein we introduce a continuum model of elasticity in a
thickness. At that point, strain relaxes from the film as itnonequiliborium multiphase system, including smooth and
either becomes plastic, or “buckles,” and complex structureSingular strains, as well as their coupling to free surfaces. To
forms. Interest in this dynamical process goes back to théhow the usefulness of this approach, we have studied thin-
classic work of Frank and van der Menéf one considers film morphology from the initial stages of instability of su-
small strains where buckling is unimportant, Matthews andPercritical films to the fully nonlinear late-time regime. We
Blakesled derived the critical thickness at which coherencyf'”d that the initial instability persists even with dislocations,

is lost through the appearance of misfit dislocations, whicH’Vith a gr_o_wth rate that o_lepends_ on the_defect core energy
accommodate the applied strain. Alternatively, for Iarge":md mobility. In the late-time regime, an island morphology

strains relief can occur without plasticity as the free surfacéorms with deep grooves if the defects cannot accommodate

becomes corrugate@ibuckles”) coherently, as identified in all strain—this is similar to that seen for subcritical

> . ) films.”®%n contrast to the case of coherent buckling of thin
the stability analyse; of Asaro and Tiliéand of Grmfgld‘! films, we find that the dynamics of grooves are like those of

: ; i S e g0 €rack tips in metals. Dislocations build up ahead of the
Stranski-Krastanow growth in subcritical filrs: S groove tip, slowing it by screening some of the local stress.
~ In general both mechanisms are present. Misfit dislocarrthermore, depending on the mobility of the dislocations,
tions partially accommodate strain, and buckling occurs dugne film is either ductilgwhere the mobility is high enough

to the residual strain. For example, controlled annealing exthat the defects keep pace with the growing groové dip
periments of Ozkart al!? on supercritical SiGe films have pyittle (where the groove tip outruns the dislocatipnd/e
demonstrated that groove alignment from the buckling defind evidence for a dynamic brittle to ductile transition in
pends on the presence of misfit dislocations. It is theoretigroove dynamics, analogous to what occurs for cracks in
cally challenging to address both plasticity and buckling infracture mechanic®

this nonequilibrium process; the former involves singular Following Onuki and Nishimoré$ and two of us, we
contributions to the strain, while the latter constitutes a freeintroduce a Ginzburg-Landau free energy functional in terms
boundary-value problem. A molecular dynamics study ofof the local phase and elastic interactions. The order param-
Dong et al!® addressed both aspects of the process andter ¢(r,t), as a function of space and timet, determines
found a qualitative coupling between buckling and dislocathe equilibrium phase, vaporgg,=0), film (¢e=1),"" or

tion nucleation; the relaxation of misfit strain by dislocationssubstrate ¢.,=2). Elasticity involves the singular and non-
occurred inside grooves, which came about by the relaxatiogingular parts of the strain tensor or equivalently for the

of strain by buckling. Schwaf? studied misfit dislocation  ingular part, the dislocation’s Burger's vector The free
lines in three-dimensional static films in a quasiequilibriumenergy is
framework. Unfortunately, neither approach is viable for a

guantitative study of the dynamics: molecular dynamics con-

siders too short a time scale, and the quasiequilibrium ap- }-:f
proximation cannot explore how film geometry and disloca- r
tions evolve together. An alternate and appealing method is

continuum mechanics, where the quantities entering constiwhere the first term gives rise to a surface energy and well-
tutive relations, such as shear and bulk moduland«, are  defined interfaces on the length scalesoThe free energy is
straightforward to determine experimentally. Another benefita functional of two fields; the phase fiettland the continu-
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ous Burger’s vectob. The singular stress is related to the

Airy stress functiony[b]. The singular stress and the singu- tr QD/@O/EL%LD\(}Q N l
lar strain are related to each other by the usual elasticity e =
relation. The three phases are describedfpy)=ap*(p 05 O O™ ]
—1)%(p—2)%+ (9?2k) D2, where a controls the RN
surface-free energies. The externally applied misfit stress is 120
proportional t8 7, and® s andP ¢4 are simple functions  « 0
of ¢ (Ref. 18 required to ensure that misfit stresses exist

only in the film and that the shear modulusb .4 vanishes 05
in the vapor phase. For simplicity, we choose identical elastic

moduli for the two solid phases.

The elastic part of the free energy has several parts: -1 60 '
felastic™ fsmoottit fsingt fcore: The smooth part of the elastic
energy®?°is defined in terms of the elastic moduli and the , ,
smooth strain fieldsujj, fsmooti™ 7P misiitUkk+ 3 K (Upg) 0 0.25 05 075 1 1.25
+ u®goid Uij — (8j/2)uik]?, where a summation convention q

Z;;Tilz|lg:§e?;/§ri3[§pezfil'i€:(L:Qd)IZCiS- (I')I' h? C[il? %u(lgr' /giuri (]); the FIG. 1. Scaled amp_litude of growth mode§ as a function_of
2 sing™ 2 ki T M solid. Hij 1] kk scaled wave number* in the early-time linearly unstable regime.
+Uu;joj;, where the last term gives the coupling betweeny;zmonds E.=1, squaresE,=50, circles E,=x (no defects
smooth strain and singular stres§ defined below in terms  gashed line is linear stability theory. Data scaled by maximum
of the Burger’s vectob. Depending on signs, the singular growth rate and wave number for restabilization, both of which
strainu? is able to match and relieve the smooth strain. Inincrease with increasing, . Inset shows configurations fdg.
the bulk phases where®;; and  are constants, stresses =1,50¢, from top to _bottom. Four times are shown for each;
are proportional to strains, as given by Hooke’s law. grooves deepen with time for all.

Since time scales of interest are much longer than elastic ) ) ) 92 23
relaxation times, we employ the local mechanical equilib-TOM integrating the strain out of the dynamfEs? For the
rium conditionsV;a;;=0. This permits us to integrate out dislocation densities

the u to first order inu/ x,%*® giving rise to long-range elas-

tic forc_es. This _gives_afj = eike“Yka where €ij deno_tes ’9_bx =(mgi+ mcvi) oF
the antisymmetric unit tensor witk,,= 1, andy is the Airy at oby
stress functiot??°that gives rise to the Peach-Koehler force

. . . . dfcore 6Xj
between dislocations. We restrict ourselves to two dimen- =(mgV)2<+ mcvg) +-1V,
sions wherey is a scalar determined by a biharmonic equa- dby 4

tion in the different phase€€:?® Finally, the core energy of
the defects is given by the sixth-order polynomiil,e ><[(X+Y,8)<I>so|id]], ©)]

=L1E|b|?+c|b|?(b2—|b|?)?, where we will callE, the en-
ergy of a dislocationc is a constant, and the dislocation wheremy andm, denote the glide and climb mobilitigor

strength isbg. by, my andm, are interchanggdWe equilibrate the fieldg
The dynamics o andb are driven by minimization of and 8 with a mixed real space-spectral metfbevery
F. For the order parameter 10-30At time steps, and relax them dynamically after each

time step with 50 Euler iterations. The phase figddand

ip R , X -, dislocation densitie® are updated using finite differencing
T sh € VE—1(¢) = 7 Poiieeij Vi on a scale ofAx for the spatial gradients and the Euler
method for time evolution. System sizes considered were
16u 7? , - , - 128x 128, 256<256, and 6&512. For the results reported
- T[Z%ismm(r)+<1>sondn(r>] (Ax,At,€,x,1,7,mg)=(1,<0.01,1,
1,2,1m.). The climb mobilitym, was varied between 0.01
and 0.2, the core energy was controlled by varyihgbe-
tween 1 and 50, and dislocation densities were initialized
with small random fluctuations of magnitude 10 We re-
) port results for the supercritical regime where nucleation of
defects does not control evolution. The remaining parameters
where primes on functions denote derivatives with respect tg=(a, 5, u,c,b,) are reported in context below.
¢, 7' is a mobility, Y=4ku/(x+ ) is Young's modulus, With our approach, the physics of the film under external
| is a microscopic IfngtFﬁ and long-range elastic forces en- siress is clear. The smooth strain fields adjust to the stress by
ter through® m(r) and n(r). The coupling AB(r) buckling, while the singular part of the internal strain adjusts
=¢;;0F/6(Vib;) between the dislocations ang; results to the stress by nucleating dislocations, if the core energy of
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FIG. 2. (Color) (a) Configura-
tion with defectggreen is film, or-
ange is substrate, blue is vapor

(ﬂ) (b) (b) Without defects(note faster
groove growth. (c) Density of de-
fects (b,) from (a). Note pile up at
film-substrate interface and in
high curvature regiongd) Magni-
fication of part of(c) showingb.

s A

(©) (d)

those defects is not too large. Whether or not the dislocationally exposed. Indeed, this is what is observed in the con-
can move fast enough to track the accumulation of locatrolled annealing experiments of Ozkahal'? Examination
stress at the moving boundary is dependent upon their mf the b, field shown in Fig. Zc) reveals considerable dislo-
bilities. For very early times, linear stability analysis de- cation activity at the film-substrate interfattick red line.
scribes the evolution. In Fig. 1 we show the amplitude of theln particular, dislocations with,>0 align themselves at the
initial growth rate, for increasing core energigs=1, 50, film-.substrate.interface to partially screen the film tension. In
and », m,=0.01, and in the inset interface profiles @t the island regime, a large dislocation density accumulates at

<25. We initialized the system with a sinusoidal interfacetn® bottoméz of each island, exactly as seen in the
deformation of small amplitude, and wave numbeg, with experiments:

= ¢ i A striking feature of these late-time configurations is the
parameters?=(2,0.5,0.5,2¢10°,0.01). At early times, We  gefect concentration at the bottom of the groofeig. 2(d)].

observe tr;e Iineazr stability regime whetég,t)=expw(dt,  These dislocations partially relax the stress concentration
with o=e“q—yq“, wheree and y are proportional to the and, therefore, slow growth. To address this in more detail,
external strain and film-vapor surface tension, respectivelywe simulated narrow systems with a single grookg=1,
Defects shorten the period over which this regime can beind varyingm,. See Fig. 3: top of figure with parameters
seen, and renormalizeand y. _ ~ P=(1,0.775,0.25,X10%,0.1) for m,=0.05 and times 75—
For later times, coarsening occurs at the film-vapor mter—loo_ bottom of figure with parameter§=(1 090251
face, leading to a grooved profile as shown in Fi@) 2with » 1(’)5,0_04) for m,=0.2 and times 12—241Jittle’ e.vélljtio’n

defectsE.=10) and Fig. 20) (without defectsE.==) at .05 after this time We initially notched the system and
time t=80, and m.=0.0125. Parameters areP  then tracked its growth under stress. The groove attained a
=(1,0.775,0.25,X10°,0.1). Eventually, the grooves cause well-defined steady-state velocity and shape. Dislocation dis-
the film to break up into islands leaving the substrate partributions are clearly evident.
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(b) FIG. 4. Tip speed vs natural log of climb mobility for variolg

as indicated. Note well-defined transition from brittle region to duc-
FIG. 3. (a) Sequence of groove tips brittle region, outrunning  tilé region with increasing mobility.
dislocations, which are shown as Burger’s vect@os.Sequence of

groove tips inductile region, where dislocations keep pace with tip. __Zmin: whereas forT<Tgpr, vijp~Vmax- This scenario is

analogous to what is observed In materials undergoing frac-
ture; for example, Gumbsott al® studied fracture in tung-

TWO main effects are taking place. First, the high concen- ten single crystals, and concluded that the brittle-ductile
tration of stress at the groove tip causes defects to nuclea Bansition required sufficiently mobile dislocations

apd reIa>.< some of the stre¥5f the core engrgﬁc Is not too To conclude, we have introduced a continuum model of
h'ghO'I.Th'S slfhws th%.?{ooﬁet'hang. tl)luntts_ Its t'tph' Second, ?e'elasticity in a multiphase system, which includes both
pen “mg on” € mobility of the dislocations, the groove UIb ¢, 41 g singular strains, as well as the coupling of those
can “outrun .the defects. Low dislocation ”.‘Ob"'ty leads 0@ girains to free surfaces. In the future, we shall extend this
fast tip velocity, where the defects lag behind the tip, while %ormalism to consider a tensorial Airy stress function, with

high mopmty gives rise o a slow tip ve_Iocny, since the three independent components, as is required for three di-
stress-relieving defects can keep pace with the tip. In otheIJ:nensions

words, if the mobility of the dislocations is too low, the film

is brittle, while it is ductile for high mobilities. See Fig. 4.  This work was supported by the Natural Sciences and
For smallE. (defect nucleation is facilitatgdwe observe Engineering Research Council of CanaltaFonds pour la
two distinct groove-tip speetfsv i, and v mayx, for me>1 Formation de Chercheurs et I'Aide la Recherche du Que
andm.<1, respectively. Defining a temperature through anbeg and, in part, by the Academy of FinlaslH). We thank
Arrhenius formm.~exp(—E,/kgT), gives the temperature Mohsen Sabouri-Ghomi and Martin Dulfer useful discus-
for a brittle-ductile transition: forT>Tgpr~E,/Kg, vip sions.
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ample, that the defects have only short-range interactiong

the vapor phasédefect reservojr and that they interact via the
Peach-Koehler force in the solid phases. Also, note that the
back-coupling variablgB(F)zeij OF15(V;b;) satisfies

VABI)+ (N[ 1~ D oo N 1B(T)
=(8/41) V20 (1) + (1/8u)

X[eiej ViV (1) = (8,;/2)Vay(1)].

2The smooth strains give rise to long-range forces wia

=[5 0 G ) VIV [ @egier My (1, F")® is(r") ], and, n
E[q)misfit(F)5ij/27Vivij’G(FvF,)(I)misfit(;,)]zv where
V2G(r,r')=a8(r—r") and My(r',r")=V,V,G(r",r")—&(r’'
—r")8/2.

_(I)solid)X:(Y)(I)solidfijvibj , Which incorporates the necessary 250f course, if the dislocations are sufficiently mobile no buckling

boundary conditions and thickness-dependent dislocation self-
26Defects are generated in pairs close to the interface, but the ones

energy, whereY denotes the Young’s modulus, ahds a small

length of order the interface thickness. This ensures, for ex-

instability takes placéRef. 2.

that increase the local strain diffuse into the vapor phase.
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