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This paper investigates effects of surface stress and wetting layers on the morphological instability
of a growing epitaxially strained dislocation-free solid film. Linear stability analysis of the planar
film shows that the film, unstable due to lattice mismatch, is affected differently by surface stress for
a film under compression than for one under tension and depends on whether the relative stiffness
of the film to the substrate is less than or greater tffan2v)™; here v is Poisson’s ratio. The
presence of a wetting layer has the capacity to substantially stabilize the planar film. The critical
thickness of the film below which the film is stable depends on the bulk elastic properties of film and
substrate and increases with increase of the wetting potentiaD0@ American Institute of Physics

[DOI: 10.1063/1.17799533

I. INTRODUCTION dimensional (3D) crystal was investigated by Leo and
Sekerkd using a variational approach along with the con-
The formation of nanoscale-island structures during thainuum mechanics suggested by Gurtin and Murdbthter,
growth of epitaxially strained dislocation-free solid films haswu ' Freund™ Norris*? and Shenoy and Freutidcom-
generated theoretical and experimental interest for the lagiuted the chemical potential of a crystal/vapor interface in
decade. It is well known that a flat, strained, free surface ishe two-dimensional case in the presence of both bulk defor-
unstable with respect to sinusoidal surface perturbations hawnation and surface stress using a dynamical approach, which
ing a wave number greater than a critical valttMore  agrees with Leo and Sekerka in the equilibrium limit.
recently, this instability has been predicted and observed in  In most cases the effects of surface stress on the dynam-
thin films deposited on a substrétén this case the differ- ics of interface evolution is smalf,though this may not be
ence in lattice parameter between the film and substratthe case for morphological evolution at the nanoscale. The
generates a stress that drives the instabilityextremely large curvatures of surfaces can lead to large
Spenceret al* analyzed the morphological instability of a stresses even if the surface stress is small. For example, it is
growing film subject to mismatch stresses using a continuunvell known that the lattice parameter of free standing nano-
model, where surface of the film evolves by surface diffusionparticles can be different from the bulk. Moreover, Bimberg
and the strained film was described by isotropic linear elaset al'® have shown that the singularities in the stress field
ticity. They found that at low temperatures, where depositiorinduced by surface stress at facet junctions can be sufficient
flux is larger than the surface diffusion flux, the critical film to stabilize against coarsening an array of quantum dots that
thickness for instability depends on the deposition rate on thare deposited on a surface. It is thus reasonable to investigate
film. Unlike free surfaces on semi-infinite bodies, the presthe effects of surface stress on the evolution of thin films
ence of a substrate can affect the evolution of the instabilitydeposited on substrates.
Spenceret al. ,* Freund and Jonsdottigrand Shoykhetet A complete model of thin film growth requires that, in
al.® found that elastically hard substrates are stabilizing in-addition to surface stress and misfit stresses, the effects of
fluences and, in the limit of a infinitely stiff substrate, the different elastic constants between the film and substrate be
instability is completely suppressed below a critical film accounted for as well as the wetting interaction between the
thickness. film and substrate. There have been a number of important
The surface of a solid is fundamentally different from studies that are of relevance to the complete model we de-
that of fluid, because the presence of a crystalline latticevelop. The effects of surface stress on the stability of the
allows one to distinguish between the straining of a solidsurface of a semi-infinite solid in two-dimensional case was
surface and the creation of new surface. Therefore, in addexamined by Wet all® They found that the conditions for
tion to surface energy there is a surface stress, which castability of the surface are sensitive to the sign of the applied
have either sign. The effect of surface stress on the equilibstress, i.e., the surface is fladémooth under tension, but
rium conditions at the crystal/melt interface of a three-rough under compression. The importance of this sign was
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also nott_ad by WA for a fllm—sub§trate system. He studlgd w, - iy + [divs(fﬂ T)-FT -(divg'f')] .n=0. (2.3

the nonlinear effects of lattice mismatch on morphological

and compositional instabilities of epitaxial layers. A currentHere w, is the bulk-phase grand potential density, measured
overview of surface-stress effects on the thermodynamicger unit volume of the reference state, angdis a capillary

and kinetit_:s of interfaces is g_iven by Fried and Guttin. pressure, where/= y(é) is the surface free-energy density
Most films that are deposited on substrates wet the sub-

X iod " unit area of the reference state, wHildis the surface
strates to varying degrees. In one of the most well studie

systems, Si-Ge, the film completely wets the substrate. Bzg;:c;egt?ggsTuz "réeirg?hnemgultlf rorlr;olr%i%r? T;d?SLtﬂtfn-

the Asaro-Tiller-Grinfeld instability islands form separated - ’ i ) 9 )

by regions of a thin wetted film. Thus, the growth of very SOT F is the surface deformation gradient, ands the first

thin films may be expected to be affected by the energetics cﬁ?iola—Kir%hoff surfgce—stress tenso_r as defi_ned b)_/ _Gurtin and

the wetting layer at the film-substrate interface. This layefurdoch. Gibbs first noted for solids that in addition tp,

would also be expected to play a particularly important roleVhich represents the excess free energy per unit area owing

during the early stages of film growtf?° Several experi- 0 the existence of a surface, there is the surface stress asso-

ments have found that Ge initially grows layer by layer onciated with the reversible work per unit area needed to elas-

the S{1002x 1 surface, up to a thickness of three atomictically stretch a preexisting surface. Unlikg which is a

layers, after which islands appear. Ter8bfhowed using positive scalar, the surface stress is a tensor with elements
, : ; S 3031

model calculations that layer-by-layer growth is stabilizedWNOSe signs are nat priori determined. [For a general

for up to three layers because it minimizes the strain energgtface, this second-rank tensor can be diagonalized by ref-

associated with the surface dimerization. He also found that'€Nce t0 & set of principal axes. The diagonal elements are
the chemical potential of a layer of atoms is a function of theedual for a surface possessing a threefold or higher rotation-

wetting layer thickness. This is also the case with recent firsfX!S symmetry.’ This means that the surface stress for these
principles calculations by Beckt al?? They found that the high symmetry surfaces is isotropic and can be taken as
chemical potential of an atom on the surface is an increasing -

function of the wetting layer thickness. The models known T=1P, (2.4)
from literature™®?*-*which account for the energetics of the
film-substrate interface, involve surface energy as a functio
of the film thickness. This function vanishes if the film is
much thicker than the width of the transition layer. The aim

where a scalaf is equal to the magnitude of the change of
he surface free energy per unit change in elastic strain of the
surface andP is the projection operator ont§

of the present work is to study quantitatively the effects on p=1_pen. (2.5
morphological instability of strained film of surface stress . o o
along with the presence of wetting layers. To obtain the small-straidinear) approximation of Eq.

In Sec. I, using the results of Leo and Seketkag (2.9, set
derive the linearized equilibrium conditions in the sense of

linear elasticity. Then, in Sec. Ill, we formulate the evolution =~ F=1+E+U, F=P+E+U, (2.6)
problem. Section IV is devoted to linear stability analysis, - - ) . )
while the stability results are discussed in Sec. V. whereE(E) andU(U) are symmetric strain tensor and anti-

symmetric rotation tensor for the bu(khe surfacg respec-
tively. To obtain an equilibrium energy balance within a
framework of small deformations, substitute E¢&.6) and

II. LINEARIZED EQUILIBRIUM CONDITIONS (2.4 into Eq.(2.3), and then take into account the following

In this section we give an equilibrium energy balancerezlatIons from Gurtin and Murdoch:

within a framework of small deformations. Consider a
smooth two-dimensional surfacé in three-dimensional
space oriented by a choice of a smooth unit normal fireld
Following Gurtin and Jabbodf,we use the notation

divgP = kn, divs(é) -n=I§-L, (2.7

which result in

w, - ky+f[E-L - k(n-En)]=0. (2.9)
L=-Vgn, (2.1
For the simplified case, in whicls is a planar curvein
whereV is the surface gradient, tensoris symmetric, and two-dimensional spageEq. (2.8) agrees with that obtained
the mean curvature is defined by by Fried and Gurtit® The grand canonical free energy ap-
pearing in Eq(2.8) is related to other free-energy functions
and the chemical potentiZd.In the limit of a pure material
containing vacancies and no dependence of the lattice pa-
The effect of surface stress on crystal/melt equilibriumrameter on vacancy concentration the grand canonical energy
was considered by Leo and Sekefkgor isotropic surface density in Eq(2.8) can be replaced by difference &tthat is
tension and constant pressuiy, zerp in the vapor the a strain energy density and that is a ratio of density of
equilibrium energy balance within a framework of finite de- atoms in the crystal in the reference state over chemical po-
formations at the reference interfasSes tential of an atom on the surfac.

k=tr L =-divgn. (2.2
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M=E-ky+ f[é L - x(n-En)]. (2.9 B. Chemical potential

. L . L _ It is clear experimentally that intermolecular forces can
This expression is valid for a surface on a semi-infinite SOI'd:Iead to the formation of a thin wetting layer on the surface of

The effects of the molecular scale interactions on the chemlél substrate. For example, in the Si-Ge system there exists a

c_aI potential tha}t are associated with the formation of a wetsin layer of Ge when deposited on(800) substrate. The
ting layer are given below. existence of a thin layer is consistent with calculations of the
energy of the wetting layer using empirical potenﬁhland
first-principles density-functional approacﬁés‘[hese calcu-
Ill. MODEL lations show that the energy of an atom on the surface of the
wetting layer is a function of the wetting layer thickness. In
the case of Ge on Si this dependence decays monotonically
Continuum elasticity theofywill be used to describe the as a function of distance and asymptotically approaches a
stress state of the epitaxially strained film. The film/vaporconstant at about three to five atomic layers. In other cases,
surface is allowed to move due to the surface gradient of theuch as metals deposited on semiconductors, this force is of
chemical potential, which includes the influences of thelonger range and, as shown by Suo and ZHiraye strong
strain energy, the surface energy, the surface stress, and tbaough to compete with elasticity. They also established the
energy associated with the wetting layer. The stresses in bo#pecific dependence of the transition thickness on stress in
the film and in the substrate are governed by isotropic lineathe presence of different long-range forces. There have been
elasticity with an additional term in the film corresponding to various approaches proposed on how to incorporate these
misfit strain, generated by the difference in lattice spacingsong-range forces into a continuum model. Chui and Bao

A. Governing equations

of the film and the substrafe, took the surface energy to be a function of height of the film
. 1+ and simulated the evolution of a thin film including surface
T=2u|E+ 1-2 (tr E)1 ‘ﬁEo , (3.1 diffusion and deposition. Spencer and Tersbffrere inter-
- ZV -V

ested in the larger scale shapes of islands on surfaces and

wherep is the elastic shear modulus ands Poisson’s ratio.  thus simplified the spatial dependence of the energy of the
The misfit strain isEy=¢1, wheree=(a;-aJ)/a, a; and as wetting layer to one in which a thin wetting layer is perma-
are the lattice spacings of the film and the substrate, respeB€Ntly attached to the substrate. Alternatively, Zangfnd
tively. The equilibrium conditions are assumed to be satis/ater Kukta and Freurfdassumed that there is a narrow tran-

fied, sition region through which the mismatched strain, but not
_ the energy, changes continuously near the substrate. €rtiz
divT=0. (3.2 al'®suggested a model that accounts for the energetics of the
To ensure the coherency at the interface between the film arfim-substrate interface whose potential looks like
the substrate, continuity of both displacementand the ¥(h) = phe™?, (3.7

stress are required, . _ .
q where 7 is a constant whose sign depends on the sign of the

u=uS Tn=Tb. (3.3)  difference of interfacial energies of a film and substrate &nd
measures the width of the transition layer.

Inspired by the first-principles calculations of Beek
Tn-f divgP=0, (3.4  al?in which the chemical potential of an atom on the sur-
face of the wetting layer is determined, we augment the
chemical potential given in Eq2.9) as follows:

The force on the film surface balances zero pressure,

or, taking into account Eq2.7),
Tn-fxkn=0. 3.5 ~
=t (3.5 M=E=ky+fE L —fx(n-En)+W. (3.9

The strains in the substrate far away from the film are re- . . . .
quired to decay to zero. Here ¥ =W(h) is a wetting chemical potential, though not

Following Mullins 3* the evolution equation for the sur- N€cessary of the form of Eq3.7). Since we are going to

face in the absence of vapor deposition is given by restrict ourselyes bynear.s.tablllty analy5|s|t is nqt neces-
sary to commit to a specifi#’(h). A particular choice of the

V,=DAM, (3.6 function ¥(h) will affect only the value of a constant, i.e.,
d¥/oh evaluated at a certain point; thus, all admissiloég-

idly decreasing functions ¥ alter the stability condition
through a single constant, and by varying this constant a
family of wetting potential may be considered.

whereV, is the normal velocity of the surfac® is a con-
stant related to the rate of surface diffusidn,is the surface
Laplacian, and M is a chemical potential.

1. Remark All equations are written in invariant
(coordinate-fregform. If the substrate is planar, and the film
surface(in a neighborhood of a poiptan be uniquely pro- |\, | \NEAR STABILITY ANALYSIS
jected onto this plane, then one can introduce the Cartesian
coordinate system(x,y,z) with z=0 corresponding to The governing equations have a basic-state solution cor-
substrate-film plane, and the free film surface can be writtemesponding to a planar filnz=h, with uniform epitaxial
asz=h(x,y,t). strain in the film:
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v
IN ey’

u=u=0 W=ez (4.2

S=-2uFedly, w= (4.16)

whereegy=¢(1+v)/(1-v), and the state of a completely re-

laxed substrate ig>=0 for j=1,2,3. and y, is the surface energy of unstressed film. In arriving

Since the model is symmetric with respecttandy, it Eq.(4.15 the surface elastic constants are neglected and thus
is sufficient in linear stability theory to consider a 1D surfacey(é) ~ 70+fé_

of a 2D film. We assume that has the same value for both The solution of the system of linear ODE4.5<(4.8)
the film and the substrate, but allow the shear moduli tosatisfying Eqs(4.9) and(4.14) is given by

differ, and perturb the basic-state solution as follows:
T = a; cosiaz) + B, sinh(az) + 8,z coshaz)

h=h, +F1eXF(iaX + ot), (4.2 + 8,z sinhaz),
u’ = - ilf(2expliax +ot), j=1,3, U3 = a3 cost(az) + Bs sinh(@2) - 6,z coshaz)
~ - &,z sinh(az),
ut = —itif (z)expliax + ot), 4.3
U= oy exp@z) + 85z expaz),
U = egz+ U5 (z)expliax + at), (4.4

TS5 = a3 expaz) - 85z expaz),
whereo is the growth rate and is the wave number.
The linear system of equations for the disturbances tyvhere

the displacement field is given by Si=alia; + B3)IC, &,=a(iB,+ as)/C, (4.17
F_ A~2F _ ~97F =
BA;U; ~ ATl - a7t =0, 4.9 Sy=aliay+ ag)lC, C=3-4dv. (4.18
A@g _ Bazﬁg —aoff =0, (4.6 The coefficientswy, ag, B, and B3 are found from the

system(4.10—(4.13 using “Maple 7.”
The dispersion relation can be rewritten as follows:

B42U; — Aa®U; - adli3= 0, (4.7) )
o =D(a%Eq0; — aty, - a*fey - wad), (4.19
AFUS - BalUs - adus =0, (4.8)  where
whereA=2(1-v), B=1-2v. Eo=(8e?uFGAIA, G=1+v, (4.20
The boundary conditions for the film interface at the
. * ~ ~ B
substrate are as follows: T, =T, (h)/(26Gh) = Z + o 7,
~F 5 _ ep G
U =t’=0o0nz=0, (4.9
Z={u~®+ (1 +2Bu - Cu?ahy+(C+2uB?*+Cu?
~F_ =S 0 ~F oS _
pagly = 90~ a(pli; ~Us) =0 onz=0, (4.10 % sinhahy)cosHahy) + 2uA%sinhahy)J2}/d,
va(plf - Ty + (1 - v)(pajis — &,U3) =0 onz=0, (4.11) d=A2+a?h}(1 + 2uB - 4%C) + 2A? sinh(ahy)
at the film surface, X coshahy) + (C + 2uB? + u?C)[sinhahy)1?,
— 2aesh + 9;0f —atE =0 onz=hy, 4.1 1
o+ 3.0 ~ &l 0 B pe (- 1+ mIBCE 14 + 2%~ 1-Cp)]
ZMFv(aTJE + (92712) + ZMFB&ZTJE -Bfa*h=0onz= ho, - B(C + 2B?u + Cu?)cosh2ahy)
(4.13 - 2A%By, sinh(2ahy)}, (4.2
and in the substrate, and u=u"/ uSis the relative stiffness of the film to the sub-
—s s strate.
W—0, J—0asz—-x, (4.14 The dispersion relatio4.19 now can be rewritten as
where uf is a film shear modulus. 5 4of €ofB )
The normal-mode equation for the film surface can be /P =&&Z+& 46MFG7:_ Yo~ fe | —aw.  (4.22

rewritten as
A negative(positive) f refers to a compressivgensile sur-

oh=-Da%(£ + y,a?h + fe,a®h + wh), (4.15 face stresd® Note that both of the function&€ and F are
bounded, and the functiof is positive for all values ofu
where andahy,.
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FIG. 1. Typical neutral stability curve, E¢5.1): the growth rate of pertur- FIG. 2. Neutral stability curves for=1, w'=0.25.

bationso as a function of disturbance wave numizer

stress slightly destabilizes it. If the film is under tension,
V. STABILITY RESULTS £<0, the influence of the surface stress is opposite. Thus, for
A. Surface stress and misfit only surface stress on the order of the surface energy, the surface

, o stress will induce a smaibbout 5%) change in the critical
This section is devoted to the study of the surface-stresg, . e number.

influence only on morphological instability of the strained From Eq.(5.1) it follows that if the ratio of the shear
film and thus we takev=0. The dispersion relatio.22)  qqylii of substrate and film is not unity # 1, the influ-

now looks like ence of the surface stress is qualitatively the same as long as

5 2Gef 1-BF>0, which holds if
glD=a% yZ+a* - yo— (1-BA) |. (5.1 .
A w<(1-2p71 (5.9

The typical plot of neutral stability curve corresponding to However, if u> (1-2»)7%, the difference 1BF is negative
that case is shown in Fig. 1. . _ _ for small magnitudes oéh, [i.e., fora=0(1)]. This means
~ If p=1,thenZ=7F=1, and the dispersion relation has that if the film is much stiffer than the substratg increases
its simplest form for ef >0 and decreases wheifi<0. The magnitude of that

olD =a%(E - |€1]a), (5.2) increase or decrease remains small as it was in the situation

whereu=1.

where & is positive [see Eg.(4.20]. The quantity &; Substantial stabilization occurs when the substrate is

=—(yp+2veyf) <0, becausey, is positive andf is generally  stiffer than the film,u<1; herea, tends to zero ag.— 0.
the same order of magnitude g>° Thoughf might have  This stabilization, due to elastic stiffness of the substrate,
either sign, it is multiplied by a small parameter proportionaldiminishes as the film thickness increa$d%or the limiting
to the misfite, and thereford does not affect on the sign of case of a perfectly rigid substrat is equal to zero if
& h.<I(1-v), and then the planar film is stable.
We introduce the length scale= v,/ &,, balancing sur-
face energy per area and strain energy per volume, and the . o
time scale,r=y3/DEq. In dimensionless form Eq5.2) then ~ B. Wetting layer and misfit only

looks like Now let f be equal to zero and let#0 in Eq. (5.2).
N f\ . Consider first the simplest case=1. The dispersion rela-
o=a°- 1"‘21/90?0 a’, (5.3 tion looks like
* - *3 _ *4 _ * *2
wherea’=al and ¢" =o7. The cutoff wave number corre- gFar-amwasn (5.6
sponding to the nonzero solution of =0 satisfies wherew" =wy,/£3. The neutral curve fow' =0.25 is shown
. _ in Fig. 2; herea.=0.5.
= + 2veyf). 5.4 : . .
& = v/ (v0+ 2v&f) (5.4 By varying the relative stiffnesg one changes the loca-
From Eg.(5.4) it follows that stabilization depends on the tion of the local maximum as is shown in Figb3.
sign of a producte,f in agreement with Wuet al’® (the The presence of a wetting layer can completely stabilize

importance of that sign was also mentioned by*{)uthey  the planar film ifw' = 22/4. The critical value of wetting
considered the case wheue= 1, andf is always positive and constantw’, WZ, above which the film is stable, depends on
equal y,/(1-»). More precisely, from Eq(5.2) it follows both relative stiffnesg and the film thickness. This is shown
thata,~4s%(1+v)/(1-v)y, if f=7,/(1-v). Up to the factor in Figs. 3 and 4. In Fig. @) the thicknessi,=h/l is fixed,
1+, caused by additional term in E.1) corresponding to  andw], decreases as the substrate becomes stiffer. In . 3
the misfit strain, this coincides with Wet al® the corresponding critical wave number is shown; for a rigid
For a compressed film;>0, the tensile surface stress substrateu— 0, a, approaches zero, and is nearly constant
slightly stabilizes the planar film, while compressive surfacefor > 5. If the substrate is stiffer than the film, as it is for
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FIG. 5. Critical value of the surface stress magnitude vs stiffness gaftibo
£=0.0418,;=0.1, 1,=1927, andw=0.15, 0.5, 1, 1.5, and 2.5 from left to
right. Stability corresponds to the left of a given curve.

FIG. 3. Wetting layer vs relative stiffness fbj;zo.l, v=1/3,v,=1927, and
£=0.0418(a) and(b) the corresponding critical wave number.

Ge on Si, then decreasing of the film thickness stabilizes the w; =[4(1 + 2vepfly) 74, aC =[2(1 + 2vegflyo) 17,

film [see the dashed curve in Figay]. If the film is stiffer, (5.9

as it is for GaAs on Si, then the effect of thickness is differ- '

ent[see the solid curve in Fig(&]. The corresponding criti- wheree,=g(1+v)/(1-v). From Eq.(5.8) follows that when

cal wave number is shown in Fig(l®) does not change much fe>0, there is a stabilization due to the surface stress, while

if the film is relatively thick. If the film is thin for Ge on Si, if fe <0 there is a destabilization. Figure 5 illustrates the fact

it is a slightly increasing function, while for GaAs on Si it that this dependence on the sign of the prodigcholds for

has small oscillations. A sufficient condition for complete x<m=(1-2v)"X. However, when the film is much stiffer

stabilization is given byv" > 1/4max1,u?}. than the substratey>m, as it is usually, for example, for
GaAs on Sj, the influence of surface stress is different; to get
a stabilization the signs dfande must be opposite. The two
right curves in Fig. 5 have negative slope. Stable regions in
Fig. 5 are to the left of the curves.

C. Surface stress, wetting layer, and misfit Complete stabilization is insured when
Let now consider the full model, taking into account the . max1,u’ _
surface stress, the wetting layer, and the misfit stress. For W =~ 41+ (1-BPesfly) (5.9
B o ; L eof/ vo)
u=1 the characteristic equation has its simplest form and
looks like in particular, it means thaw" >[4(1+ey2vf/y,]™ for u

€[0,1], andw" > u[4(1+ey(3-u)vf/ ]t for we[1,3].
Sincew=dW¥/¢h ath=h, it means that to control stability for
o =ad- (1 + 2ve0i)a*4 —wa2 (5.7) a large family of wetting potentials, it is enough to be able to
Yo control only the constanw.

The values of the wetting constant that lead to complete Dependence of the critical film thickness on the stiffness

stabilization and the corresponding critical wave number aréatlo and .the misfit is |IIustrateq in Fig. 6. F|gureaﬁshows
found from Eq.(5.7) that the increase of the wetting constant increaseshthe

5 T
1.5 T T w a)
B ] <°
0 0.2 0.4 m 0.6 0.8
2 € b)
(34
=
1 L
b) . ) :
. . . . 0 0.2 0.4 mn 0.6 0.8
0 0.5 1 ho 1.5 2
FIG. 6. h, vs u, f=9%,=1927, (a) for fixed e=¢;,=0.0418 and variedv
FIG. 4. Wetting layer vdi, for u=0.8 (dashed curveand for u=5 (solid =0.02, 0.1, 0.15, and 0.@s showmn and (b) for fixed w=0.15 and varied
curve) (a) and(b) the corresponding critical wave number. e=—4¢eq, —¢q, &0
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below which the film is stable. Figure(l) shows depen- J. Spencer for helpful comments during the course of this
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