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Abstract—A theoretical model describing the nucleation of misfit dislocations (MD) in interfaces between
films and plastically deformed substrates with disclinations is proposed. The ranges of the parameters (dis-
clination strength, density of the disclination ensemble, film thickness, and degree of misfit) within which
MD nucleation is energetically favorable are found. It is shown that at certain strengths of disclinations and
densities of their ensemble the critical thickness of the film on a plastically deformed substrate with discli-
nations can exceed that on an undeformed defect-free substrate by afew times. © 2002 MAIK “ Nauka/I nter-

periodica” .

1. INTRODUCTION

Thin-film heterostructures enjoy broad application
in present-day micro- and nanoel ectronics. The stabil-
ity of the properties of heterostructures, which is of
prime importance for their successful use in technol-
ogy, depends substantially on the presence of defects
and stress fields in the films (see, e.g., reviews [1-5]
and monographs[6, 7]). For instance, the differencein
the crystal |attice parameters between the substrate and
film materials gives rise to the formation of interna
stresses in films, more specifically, of misfit stresses
which considerably affect the evolution of the structure
and functional properties of the films. In particular, if
the film thickness is in excess of a certain critical
value, the misfit stresses become partially accommo-
dated through the formation of misfit dislocations
(MDs) in the interface separating the substrate and the
film [1-16]. Such M Dsdisrupt theinterface coherence,
which can quite frequently degrade the functional
properties of heterostructures. Recently, methods for
increasing the critical film thickness on substrates
were proposed based on the concept of formation of
thin buffer layers of a given structure between films
and substrates (see, e.g., [17-20]). An alternative
method of increasing the critical thickness of films on
substrates is proposed and studied theoretically in this
paper. This method consists essentialy in a prelimi-
nary plastic deformation of the substrate with the for-
mation of edge dislocation walls and stress fields
which suppress MD nucleation and, accordingly,
increase the critical thickness of afilm.

2. DISCLINATIONS IN PLASTICALLY
DEFORMED SUBSTRATES

Plastic deformation of acrystal isfrequently accom-
panied by the formation of edge didocation walls in
them (small-angle grain boundaries) [21, 22]. For
instance, dislocation walls of one type form when the
substrate is bent. Such walls actually represent small-
angle grain boundaries, each of them crossing the sub-
strate to terminate at the opposite free surface of thelat-
ter. Dislocation walls (small-angle boundaries) in sub-
strates can substantially affect the misfit stress relax-
ation processesin epitaxial layers deposited on them. In
particular, the formation of dislocation walls of one
type in a plastically deformed substrate is capable of
narrowing the ranges of the parameters (the film thick-
ness and the degree of misfit) within which MD forma-
tion in theinterface separating the film and the substrate
is energetically favorable. To calculate the critical
parametersfor MD nucleation at the boundary between
aplastically deformed substrate (containing dislocation
walls) and afilm, one has to determine the stress fields
generated by the dislocation walls in the film. At dis-
tances in excess of the separation between neighboring
dislocations in dislocation walls, the disclination com-
ponent provides amajor contribution to the stressfields
of such dislocation walls. Therefore, to smplify the
calculation of the stressfields created in afilm by edge
dislocation walls, we will approximate each such wall
by a wedge disclination (which bounds the wall) near
the film—substrate interface (Fig. 1). Generaly speak-
ing, each finite dislocation wall is bounded by two dis-
clinations. The second disclination bounds the disloca-
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tion wall near the free substrate surface opposite to that
onwhich afilmisdeposited. The stressfields of the sec-
ond disclination are screened efficiently by the (near-
est) free surface and, therefore, do not affect, in any
way, dislocation nucleation in the film.

3. A FILM ON A SUBSTRATE
WITH DISCLINATIONS: MODEL

Let us consider a system consisting of a semi-infi-
nite substrate with disclinations and a film of thickness
h (Fig. 1). Thefilm and the substrate are assumed to be
elastically isotropic solids with equal shear moduli G
and equal Poisson ratiosv. We assume that the disclina
tions in the substrate are of the wedge type, have the
same strength w, and are the same distance p apart
forming two infinite orthogonal rows at a distance d
from the substrate surface (Fig. 1). We shall also
assume that the substrate and film lattices are of the
sametype, the two basisvectorsof each latticeliein the
interface plane and are pairwise paralel, and that the
parameters of each lattice corresponding to these basis
vectors are equal. (For instance, the crystal lattices of
the GeSi;_,/S system are mutualy oriented as
(001)[110] |] (00D)[110].) In this case, the boundary
separating the substrate and film lattices is character-
ized by a two-dimensional dilatation misfit f deter-
mined from the relation f = 2(a; — a,)/(a; + &,), where
a, and a, are the lattice parameters of the substrate and
the film, respectively.

When afilm grows coherently on asubstrate, the lat-
tice misfit between the different phases and the discli-
nations in the substrate give rise to the formation of
elastic strains in the film. For certain vaues of the
parameters of the system (misfit f, film thickness h, dis-
tance d from the disclinations to the film—substrate
interface, separation p between the disclinations, and
disclination strength w), the interface can transform to
a semicoherent state characterized by MD nucleation
(Fig. 2). Tofind the conditionsfavoring MD nucleation,
we compare the energy of the system in the coherent
state (without MDs) with that after afirst singleMD has
formed in the system. In doing this, we assume that the
positions of the disclinations in the substrate are fixed
and are not affected by the MD nucleation. Within this
model, the MD is an edge dislocation with the Burgers
vector b = (b g), where g isaunit vector parallel to the
Ox,%3 plane and forms an angle ¢ with the x, axis. This
MD line lies on an m axis related to the coordinates x,

and X, through the expressions x, = xg —msing and
X3 = xg + mcos¢, where xg and xg are constants
(Fig. 2).

In the case of afilm growing coherently on the sub-
strate, the energy W, of the system is a sum of the

energy W' of proper film strains associated with the
presence of amisfit, proper energy W* of two orthogo-
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Fig. 1. Misfit dislocation in the interface between the film
and a plastically deformed substrate. Wedge disclinations
(triangles) bound dislocation walls of deformation origin.
The disclination row along the X3 axis is not shown.

X2 29)

Fig. 2. Two coordinate frames on the plane. The Burgers
vector of adisocation is directed aong the | axis, and the
dislocation line coincides with the m axis.

na rows of disclinations, and the energy W - with
which the disclination rows interact with the misfit
stresses:

W, = W+ W' +wW ' (1)

Theenergy W of asystemwithasingle MD can bewrit-
ten as

ar — f

W=W+W+ W ew!
+Wf—d+\Nar—d+Wc,

where W¢ is the proper MD €elastic energy, W - isthe
interaction energy between the MD and the misfit
stresses, W2 -4 is the interaction energy between the
MD and the disclination rows, and W¢ is the MD core
energy. (All the energies are reduced to a unit MD

)
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length.) For an MD to nucleate at the film—substrate
interface, the energy W of the system with the MD must
be less than the energy W, of the system without
the MD:

ar—d

W-W, = W+W T+ W +w<0. (3

To determine the ranges of parameters within which an
MD can nucleate, we calculate (in the next section) the
quantities W4, Wf-4 W& -d and W€ entering Eq. (3).
As aready pointed out, these quantities are the corre-
sponding average linear energy densities per unit MD
length. We note that the linear densities of the proper
energy of an MD, itsinteraction energy with the elastic
misfit stressfield, and the MD core energy are the same
at any point of the MD line. At the sametime, the linear
interaction energy density between the MD and a dis-
clination row is different at different points of the MD
line. Therefore, in our subsequent cal culation of W2 —9,
we average this energy density over the MD line.

4. THE ENERGY OF A DISLOCATION
IN A THIN-FILM SYSTEM
WITH DISCLINATIONS

The proper energy W (per unit MD length) of an
MD lying in the film—substrate interface is given by
[23]

2
¢ _ Db’ nz_h_b_:_lD (4)

2 b 27

where b is the magnitude of the MD Burgers vector b
and D = G/[21(1 - V)].

The elastic interaction energy W'-9 (per unit MD
length) between the MD and the misfit stress fields is
[23]

w

f

W' = —4m(1 + v)db/hf. (5)

The average interaction energy W2 —¢ (per unit MD
length) between the MD and two disclination rows is
given by [24]

0
WA e = —b|<J’0,a|'(xl, X, = X3 —msing,
- (6)

X5 = xg + mcos¢)dx1> ,

m
where
Ol (X0, %o, X3) = 035Xy, %) COS' O + 055Xy, X5) SN
is the component of the stress tensor generated by the

two disclination rows; G, (X;, X,) and Og; (X, X3) are
the stresses generated by disclination rows parallel to
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the x, and x; axes, respectively; and [.. [}, denotes aver-
aging over the coordinate m along the MD line. To cal-
culate the energy W& -9 we present the stresses

Ogp (X4, %) and Oz (Xg, X3) in theform

Oalx %) = Y Oc(Xy, Xc—Np), k = 2,3, (7)

n=—oo
where o, is the component of the stress tensor gener-
ated by a disclination of strength w with aline (x; =

—h—d, x,=0). The stress Gﬁ( (X4, %) can be expressed
through the stress function (x4, ) of this disclination
as|[25]

O°X (%1, X,)

A —
O (Xes %) = >
0X;

. k=23 (8)

Using Egs. (6)—8) and the expression [22]

X (X1, %)
(X, +h+d)’+x;
(x,—h—d)”+x
(k=2,3)

_ Dw

= - l0u+ h+d)®+x7]In

9

for the stress functions X (x;, X,) and X(X;, X3), we obtain

W = 29 (- msing)/ pcos’s o
+ [((xs + mcos)/ p)Tsin‘e ],
where
_ d*+ p’(t—n)’
g(t) - Z In 2 2 2
n:%[ (2h+d)"+ p°(t—n) (11)
_ 4h(h+d)(2h+d)/d }
(2h+d)*+ p*(t—n)*)
Summation of the seriesin Eq. (11) yields
(t) = In cosh(2md/ p) — cos(2tt)
90 = N osh(2m(2h + d)/p) — cos(2m) 2

_4mh(h +d) sinh(2m(2h + d)/p)
pd cosh(21(2h + d)/p) — cos(2mt)”

The energy We¢ of the dislocation core is approximately
equal to Db%/2[21].
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Equations (3)—5) and (10) yield the following nec-
essary condition for MD nucleation:

bDZhblwd

hE' 5 T3 9n(d)
x [ [B((x; —msing)/ p)J,cos’¢

(13)
+ (O + mcosd)/ p)Thsn’]
[l

<8m(1+v)sgn(b,) .

5. THE CRITICAL PARAMETERS OF FILMS
ON SUBSTRATES WITH DISCLINATIONS

To determine the ranges of parameters within which
MD nucleation in the film—substrate interface is ener-
getically favorable, we consider first the situation in
which the projection of the MD line on the plane con-
taining the disclination network is parallel to one of the
disclinationrows; i.e., ¢ = s/2, wheres=-1,0, 1, 2.In
this case, we have

[©((x; —msing)/p)Gycos’d = 0,

[G((xs + mcosd)/p)T,sin“d = g(x/p)
for ¢ = +17/2 and

[G((xs —msing)/p)J,cos'd = g(xs/p),
(xS + mcosd)/ p)G,sin'd = 0

for ¢ = 0or 1. Hence, in the case under study, theranges
of the f and h parametersin which an MD can nucleate

at the film—substrate boundary depend on the xg (or
xg ) coordinate of the MD line relative to the disclina

tion network. The values of xg and xg will be calcu-
|ated below from the condition of the minimum of the
energy Wa -9,

Figure 3 plotsthe g( xlf /p) relations (k= 2, 3) for var-
ious values of d/p and h/p. As seen from Fig. 3, for any
values of d/p and h/p, the maxima of the g(xf /p) func-

tionslie at points xf =(j + /2)p and their minima are
at xf = ]p,wherej and ] areintegers, k=2if ¢ =0or
m, and k = 3 for ¢ = +12.1 Hence, the energy W& -d
passes through a minimum at x,? = ]p for b, = +b and
at xf = j7p for b, = —b. Substituting into Eq. (13) two
different pairs of equalities, (XE = pl2, b, = +b) and

1 Differentiation of Eq. (12) yields the same result.

PHYSICS OF THE SOLID STATE Vol. 44 No. 7

2002

1301

8
OF

=20

40

-60

gol——— T
-1 -0.5 0 0.5 1.0
xIp

Fig. 3. Functions g(xf(J /p) plotted for the cases (top to bot-

tom) d/p=0.2, hip=0.3; d/[p=0.05, h/p=0.3; and d/p =
0.05, h/p = 0.5.

(xiO =0, b=-b)(k=2if$p =0, mandk =3 for ¢ =
+7102), we obtain the following relations for the critical
values of the misfit:

_ b0 2h- 2h—-b_ 1_ 2wd

8m(l+v)f" = h 0n 5 5t
cosht(2h+d)/p
x [In coshtid/p (14)
4 2mh +d) b r2n + d)/p] 3
pd 0
-_bd 2h-b 1 2wd
8r(1+v)f = hEHn 5 5t 8
sinhti(2h+d)/p
8 ['” snhmd/ p (15)
+ 2+ ) omon + d)/p} g
pd 0

In Egs. (14) and (15), f* and f~ are the maximum and
minimum values of the misfit f at which an MD with ¢
being a multiple of 1/2and bl equa to +b and —b,
respectively, can nucleate in the film—substrate inter-
face.

Figure 4 displays plots of f*(h/b) and f~(h/b) in the
h/b vs. f coordinate frame for different values of .
Nucleation of MDs with by = b is energetically favor-

ablefor f > f*(h/b) (region | in Fig. 4). MDs with b, =
—b can form for f < f=(h/b) (region I11). Nucleation of
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Fig. 4. Phase diagram of the system plotted in the (h/b, f)
coordinate framefor the case of the MD Burgers vector par-
allel to the disclination network lines with parameters d =
20b, p =250b, and (8) w=0, (b) w=1°and (c) w=3°. The
lower and upper curves of f~and f*, respectively, separate
region |, where MDs with b, = +b can nucleate, region I,

where MDs do not nucleate, and region Il of possible
nucleation of MDswith by = —b. The valuesof f* and f~are
normalized against 1/[8m(1 + V)].

MDs of both signs is energetically unfavorable for
f=(h/b) < f < f*(h/b) (region I). If the substrate has no
disclinations (w = 0) (Fig. 4a), MDs can nucleate in a
film of thickness h larger than a certain critical value h,
given by theintercept of thef*(h/b) (for f > 0) or f~(h/b)
(for f < 0) curve with a horizontal line f = const. For
w > 0, the f *(h/b) curve passes through a minimum (f)
and, for f < fy, the critical film thicknessis given by the
intercept of a horizontal line f = const with the f~(h/b)
curve. As aresult, for f < f, and f = f,, the presence of
disclinations in the substrate brings about a substantial
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Fig. 5. Phase diagram of the system plotted in the (h/b, f)
coordinate framefor the case of the MD Burgers vector par-
allel to the disclination network lines with parameters w =
2° and (a) d = 5b, p = 100b, (b) d = 5b, p = 300b, and (c) d =
50b, p = 100b. The notation isthe same asin Fig. 4.

increase (by a few times) of the critical thickness h,
compared with that for a film on a defect-free unde-
formed substrate. The critical thickness of a film
reachesits maximum value h, for f —» f,, f <f,. A com-
parison of Figs. 4b and 4c indicates that the value of h,
for w=1°islarger than that for w = 3°.

Figure 5 presentsthe phase diagram of the systemin
the (h/b, 8m(1 + v)f) coordinates for different distances
d from the disclinations to the interface and different
distances p between the disclinations. As seen from
Fig. 5, anincrease in d or a decrease in p shifts region
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I, where MDs do not nucleate, toward larger misfits,
while, at the sametime, bringing about adecreasein h,,.

Now, we consider the case where the projection of
the MD line onto the plane containing a disclination
network is not parallel to any of the disclination rows
(6 £ nTv2, where n is an integer). To anayze this case,

one has to calculate the quantities @(xg — msing)0,

and @(xg + mcos¢) ], entering Eq. (14). In view of the

periodicity of the function g(t), aswell as accepting the
conditionssing # 0 and cos¢ # 0, we obtain

[©((x; —msing)/p)T, = [B((xs + msing)/p)T,

_4nh(h +2d) (16)

o1 _
= oot = o

Substituting Eq. (16) into Eg. (13), we abtain the fol-
lowing two equations for the minimum (f'*) and maxi-
mum (f ) values and of the misfit f for which the nucle-
ation of MDs with ¢ # nTv2 and b, equal to +b and —b,
respectively, is possible in the film—substrate interface:

8r(1+v)f"
_ panZh—b+1+4nuh(h+2d)D (17)
" h b 2 bp O
8ri(L1+Vv)f"
_bg2h=b_1 4mah(h+2d) (18)
= =N+ — =
hO" " b 2 bp U

Asfollowsfrom Egs. (17) and (18), anincreasein w or
d or adecreasein p shiftsthef *(h/b) and f -(h/b) curves
toward larger values of f.

To find the ranges of parameters within which MDs
with any Burgers vector (either parallel or not parallel
to the disclination network rows) do not nucleate, the
f-, f* -, and f'* were plotted vs. h/b in the same coor-
dinate frame (not displayed here). It was found that the
parameter region in which MDs with a Burgers vector
oriented arbitrarily in the interface plane do not nucle-
ate coincides with the region where nucleation of MDs
with Burgers vectors parallel to one of the disclination
rowsis not possible (region Il in Fig. 4b).

6. CONCLUSION

Thus, we carried out a theoretical study of the con-
ditions favoring nucleation of misfit dislocationsin thin
films on plastically deformed substrates containing dis-
clination ensembles. It was shown that disclinations
present in the substrate affect the ranges of the parame-
ters (film thickness h and misfit f) in which film growth
without MD nucleation is energetically favorable. For
certain values of f (depending on the disclination
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strength w, distance p between the disclinations, and
distance d from the disclinations to the interface), the
critical thickness of afilm on a substrate with disclina-
tions substantially exceeds the critical thickness of a
film grown on an undeformed defect-free substrate.
Increasing the parameter d or w or decreasing the
parameter p shiftsthe (h, f) regionin which MDs do not
nucleate toward larger values of f. The results obtained
indicate a possibility of effectively increasing the criti-
cal thickness of single-crystal films through prelimi-
nary plastic deformation of their substrates.
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