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Competing Relaxation Mechanisms in Strained Layers
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We show that strained epitaxial layers can relax by two competing mechanisms. At large misfit, the
surface becomes rough, allowing easy nucleation of dislocations. However, strain-induced surface
roughening is thermally activated, and the energy barrier increases very rapidly with decreasing misfit c.
Thus below some misfit s„the strain relaxes by nucleation of dislocations at existing sources before the
surface has time to roughen. Relaxation via surface roughening is technologically undesirable; we dis-
cuss how temperature, surfactants, or compositional grading change e, and so control the mode of relax-
ation.

PACS numbers: 68.35.Fx, 68.55.—a

The relaxation of strain in epitaxial layers is a classic
problem in materials physics, which has gained urgency
with the growing application of strained layers in mi-
croelectronics. The classic work of van der Merwe [I]
and of Matthews and Blakeslee [2] focused on the critical
thickness to form dislocations in equilibriuni in a uniform
strained layer. However, recently there has been a grow-
ing recognition that in practice, strain relaxation is kineti-
cally limited.

In many cases, the rate-limiting step in relaxation is

presumed to be the nucleation of dislocations. Homo-
geneous nucleation cannot occur on laboratory time
scales for strains of practical interest (+4%) [3-6]; but
nucleation may occur at defects [6-8], or by "multiplica-
tion" of preexisting dislocation [8-10].

However, another possibility arises from the fact that
uniform strained layers are unstable against modula-
tion of the surface profile [11-16]. For convenience we

refer to such strain-induced modulation generically as
"roughening" (not to be confused with thermal roughen-
ing). The driving force for roughening is that, although it

increases the surface area, it also allo~s a partial relaxa-
tion of the strain by purely elastic deformation of the film

and substrate. Yang and Srolovitz [I I] have shown that
this roughening can take the form of sharp grooves or pits
in the surface. These provide points of large stress where
the barrier to nucleation of dislocations is extremely
small, as has been emphasized by lesson er a/ [17]. .

Here we show that under reasonable assumptions, sur-
face roughening is thermally activated, with a barrier
which scales with misfit c as c . In contrast, other
mechanisms of dislocation nucleation typically give an

' dependence for the barrier. Thus nucleation of dislo-
cations via surface roughening should be kinetically
favored at large misfit, while at smaller misfit, other
mechanisms such as multiplication should dominate.

This prediction is confirmed by transmission electron
microscope (TEM) studies of SiGe alloy layers grown on

Si. We find that films with misfit a&0.01 relax by 'i

modified Frank-Read (MFR) multiplication mechanism
[8], and the surface remains smooth throughout growth

and relaxation. Films with misfit ~& 0.012 hrst become
rough and then relax; and in this case relaxation is not b&

MFR. We infer that the large-misfit samples are relax-
ing by nucleation of dislocations at surface roughness,

Since surface roughness can lead to large local stresses
and hence virtually barrierless nucleation of' dislocations
[11,17], we shall assume that the roughening process is

the rate-limiting step in this mode of relaxation. Previous
treatments [I I —15] of strain-induced roughening have

considered an isotropic continuum model. In that model,
there is no barrier to surface roughening. However, real
crystals are generally faceted in equilibrium, except at
high temperature [18]. Faceting could in principle be

destroyed if growth conditions are far from equilibrium
[19]. However, studies of Ge and SiGe alloys grown on

Si(100) [15,20] have generally indicated faceting. More-
over, the faceted morphology of our samples is somewhat
visible in Fig. 4(c), and has been directly confirmed by
.atom ic force microscopy [21].

We therefore assume that the surface can have only
discrete orientations, so islands or pits have the shape
shown in Fig. I. More generally there could be multiple
allowed orientations [21], with roughening proceeding
through a sequence of progressively steeper facet angles.
in analogy with the isotropic case. In that case we as-
sume the formation of the first, shallowest pits to be the
rate-limiting step, so that only one angle need be con-
sidered.
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FIG. 1. Cross section of shape assumed for island or pit.
Length and height are denoted by s and h. Edges are oriented
at an angle 6 with respect to the surface.
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By simple geometry, the change. in surface free energy
to form either an island or pit as in Fig. l is

V=h cot 8 [23], and the energy is

4I y'/'tan '/'g —6eytang (4)

t 3/2 ve3/2
E, = —2('h s ln + j ln

h cot0 h cotO
(3)

Here c=a (I —v)/2np, and v and p are the Poisson ra-

tio and shear modulus of the substrate. While an island

and a pit are equivalent in this approximation, inclusion

of higher-order terms always favors a pit [16], as long as

the pit does not penetrate beyond the strained layer.
However, if nucleation occurs before the film is thick

enough to support pits, islands will form instead.
Minimizing the total free energy E =E,+E, with

respect to shape for fixed volume gives s =1 =hcot8 (s
and I cannot be less than hcos8). Then the volume is

bJ

LIJ

FIG. 2. Energy of island or pit, Eq. (4), versus volume. V,
and E, are defined by Eqs. (5) and (6).

E, =21 h(s+t),
where I = y;cscO —y, cote, and y, and y, are the surface
free energy per unit area for the normal orientation and

for the beveled edge, respectively. W'e neglect terms as-
sociated with the corners. The parameters s, t, h, and 0
are the length, width, height, and contact angle, as in Fig.
l.

The reduction of the strain energy by elastic relaxation
is more complicated, and in general must be treated nu-

merically [11,13,16]. However, il' we assume that the is-

I;tnd or pit is rather IIat (h &(s), then one can approxi-
mate the relaxation energy [22] as

2 f+

F, = — „dxdx'g;,(x —x') tl;h(x) B,h(x') . (2)

Here x and x' are two-dimensional vectors on the surface,
h(x) is the height of the island or pit at position x, and e
is the .x.x or yp component of the bulk stress of the uni-

form epilayer. The thickness gradient |I~h(x) exerts a

force density f~ =crrl~h(x) at point x, causing a displace-

ment g;J(x —x')fj at x'. (This relationship between force
and displacement defines the surface Green's function g.)
Equation (2) then simply represents the work done in re-

laxing. Even when the island is too thick for Eq. (2) to

be accurate, it should capture the important qualitative

physics, which is all we require here.
Solving Eq. (2) using g of an isotropic solid, and with

some additional approximations [22,23], gives

The energy is shown versus volume in Fig. 2. Clearly for-
mation of an island or pit lowers the energy once the
structure is suSciently large. However, there is a barrier
E,. which must first be overcome.

Finding the maximum of Eq. (4), this barrier occurs at
a critical size

V,. = (4r/9e) 'cot'8,
and has height

E, =3 '(4, r) (9e) cot8
—4

(5)

(6)

Note in particular that the barrier scales with misfit as
c (since c a: rr ee e ), as we have emphasized by group-
ing all other parameters together into the term U, .

Because of the energy barrier E„weexpect the rate R,
of surface nucleation of pits (and hence of dislocations)

-E,QTto be R, ~ De ', where D is the surface diffusion con-
stant. At suSciently high flux, this could be modified by
kinetic eITects (adatom supersaturation) during growth;
but we shall confine ourselves to the regime of relatively
slow growth. Then from Eq. (6), the nucleation rate is

R,. ~De (7)
I n contrast, the rate for homogeneous bulk or smooth-

surface nucleation of dislocations can be approximated

[3,24] as

R ~ —Usc //k T (g)

Apparently MFR nucleation (and perhaps other inhomo-

geneous mechanisms as well) can also be approximated

by Eq. (g) [24].
These two rates have very different dependences on

misfit, as shown in Fig. 3. Clearly at small misfit the bulk

nucle;ttion mechanism dominates. Thus strain is relaxed

by nucleation of dislocations before the surface has time

to roughen. The driving force for roughening is then re-

moved, so the film remains smooth at all times. This is

the situation desired in most applications.
However, at some misfit s, the two rates are equal, and

at larger misfit the surface will roughen before any dislo-

cations are introduced. The roughness then provides a
low-barrier path for formation of dislocations [17]. Once
the strain is relieved by dislocations, the surface should

gradually become smoother to lower its surface energy,
but we are not concerned with such long-time behavior
here.

W'e have observed precisely this behavior in SiGe alloy
films grown on Si(001). Figure 4 shows films of composi-
tions Si

~
— Ge„with x =0.15 and x =0.30 (misfits

a=0.006 and 0.012, respectively). The films were grown

by ultrahigh vacuum chemical vapor deposition at 560 C
[g]. The low misfit sample is smooth before relaxation
[Fig. 4(a)], and remains smooth after dislocations are in-

troduced [Fig. 4(b)]. Other studies [25] have confirmed
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l'lEj. 3. Rate of introduction of disloc;ition» by tv o compet-

ing nsechani»ns» ver»u» mi»fit ~. Dotted line i» Eq. (8), charac-
teri»tic of' homogeneou» nucle;ition. Solid line i» Eq. (7), the
rate of' nucle;ition of pit», each of which provides;i source for
low-barrier nucle;ition of disloc;itions. Vertical scale» of curves
depend on the respective materi;il-dependent parameters Ub .ind

«, and the vertic;il origin» depend on the respective prefactor».
Dot indic;ite» crossover between mechanism» at misfit c, . ~g,go~~o. &0

th;it th» film rem;iins smooth throughout the relax. ition
procc»». It relaxe» by the MFR mechanism [8], which

c;in be recognized by the injection of disloc;ition loop»

deep into the substrate [see .trrow in Fig. 4(b)].
In contrast, in I=ig. 4(c) the high misfit sample is scen

to roughen even before re;iching the equilibrium critic;il
thickness f'or the introduction of dislocations. After the
film grows thicker .tnd di»locations;tre introduced [Fig.
4(d)], thc roughness i» still evident. No dislocation loop»

.ire seen in the Si substr;ite in this c.ise, confirming th;it
rel;ix;ition is by, i mech;inism other th;in MI. R. Previous
experinsents h;ive;ilso indic;ited;i transition between two
rcl;&x;&tion mechanisms .&» misfit is varied [ 4], although
the inechanism at high misfit w;is not identihed.

Our theoretic, il;in;ilysis should;ipply to;iny str;iined
«ysten1, not just SiGe. And indeed, InG;iAs grown on

4;iAs exhibits, i similar transition in the mode of rel.ix,i-
tion;t» .t function of misfit [ 6]. Thus our results have

bro, id iinplications f'or epit;ixial growth of III-V and II-
VI str;iined I;iyers, ;is well as for SiGe.

%e ensphasize th, it surf, ice roughness is highly un-

desir;ible in most;ipplic. ition. It precludes subsequent
growth of ide;il pl, inar interfaces. Moreover, it le;ids to

high densities of thre;iding dislocations, by creating .i
h igh density of sites where the barrier to disloc;ition n u-

cle.itlon ls slllall. Thlls n1ethods of controlling the mode
of rel;ix;ition are of considerable import;ince.

VVe c;in now u nderst and more clearly how these
niethod» work. The b;irrier E, depends almost as sensi-

tively on I;is on (he misfit c, so modifying I is a powerful
technique. If a»urfactant increases I (e.g. , by decreasing

y, more than y,. [ 7]), then it will tend to increase c, .&nd

so suppress roughening. [The surfactant may additional-

ly inhibit surface ditTusion, reducing the prefactors in Eq.
(7).] Wc believe this cxpl;tins the unusual relaxation of
Gc on Si(IOO), when As i» present as a surfactant. In

(c)

. .IIjja

.,
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l'IG. 4. Cross-sectional TEM images of Sii —,Ge, film»

gro~n at 560'C on Si(IOO), as described in text. Note dif'-

ferent scales. (a) 5000 A layer at f5'r Ge. The surface is flat.
,hand no dislocations have formed. (b) 6500 A layer at I5'ri Gc.
The surface is Oat, and dislocations have been introduced by the
MF'R mechanism, a» evidenced by the pileup of dislocations
deep in the Si substrate. Arro~ indicates one dislocation in the
pileup. (c) 200 A layer at 30% Ge. The surface is rough, and
no dislocations have formed. (d) 500 A layer at 30"k Ge. The
surface i» rough, and the sample has relaxed. Arro~ indicate»
one of the threading dislocations visible in the film,

th, it c;ise the film rem;iin» smooth;;ind relaxation occurs
]»uch l.iter than without the surf. ictant, via formation of'

"V-shaped defects" rather than by roughening [2ff].
I='levated temperature reduces the anisotropy of the

»urf, tcc I'rcc energy [lff]. For a low-energy surf'ace orien-
t;ition, this corresponds to;.i reduction of I, and hence
l~~wer c «nd e;isier roughening with increasing temper. i-

nure. Above the f;iceting temperature the b.irrier E=', van-
i»hc» [I ff]. This i» the case which has been treated prcvi-

ou»ly [12]. Thus in high-temperature growth, »urf;&cc

i oughness nlay occul even for n1odest misfit, while lovt

tensperature typic. illy gives the maximum value of c, To
check this we ex,imined films grown at 500 |"inste;id of

&60 E. . At 30'I Ge these films did not roughen, but re-

l;ixed hy MI. R, confirming that higher temperature f.icili-
t;ites roughening rel;itive to other relaxation mechanisms.
At 40"f' Ge, however, filnls roughened even at the lower
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temperature.
Beside» growing at low temperat u re or using su rfac-

t,int», another powerful method of suppressing roughnes»
i» compo»itional grading. If one grows Sii,Ge, on Si,
grado;illy increasing .i from zero to the desired value, the
filns will begin to relax;it a rel;itively low misfit. If the
gr;iding i» sufficiently gradual, the continuous relaxation
will prevent the strain from ever becoming large enough
tu initiate roughening [29]. We believe this is one reason
f'or the reduced density of threading dislocations observed
in graded layers.

In conclusion, we h;ive presented compelling evidence
that strain-induced surface "roughening" is the dominant
nlechanism for the introduction of dislocations in strained
);iyers at high misfit, but this mechanism becomes kineti-

c;illy unf;ivorable;it low misfit. By enhancing or sup-

pressing strain-induced surf;ice roughening, using temper-
;iture, surfactants, or compositional grading, one can
completely change both the surface morphology and the
mode of relaxation.
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