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Application of the Theory of Dispersion Forces to the
Dewetting of Polymer Films
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Abstract: The theory of Dzyaloshinskii, Lifshitz, and Pitaevskii (DLP) is applied to investigate the effects
of dispersion forces in the dewetting of polymer films in the system of air, polymer, silicon oxide and sil+
con. T he second derivate of the free energy, wavelength and growth rate are calculated. The results show
that the coating can modulate the wettability of its substrate and the retarded effects can be significant
sometimes. They should be taken into account to deal with the dewetting instability of the polymer films.
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1 Introduction

Dewetting is a phenomenon in which thin liquid films on solid substrates break up into liquid drop-
lets. Because of the widespread usage of organic films, much effort has been put into understanding dew—

"1 Owing to the immense conm-

etting phenomenon both experimentally and theoretically in recent years
plexity of the involved mechanisms, there is yet no general agreement reached concerning the underlying
physics of dewetting and structure formation at interface. On atheoretical basis, two mechanisms are pos-
sible, according to whether the film is unstable or metastable'”. With unstable films, rupturing occurs
spontaneously via a spinodal mechanism. In metastable films, rupturing starts from nucleation of domain
bubble, a process called heterogeneous nucleation. T he distinction is thermodynamics in character, deter
mined by the free energy per unit area of the film F(L).The shape of F(L),as a function of film thick
ness, L, contains crucial information about the stability of a thin film. The first and second derivatives of
the potential yield the disjoining pressure and the spinodal parameter, with the latter containing informa-
tion on the stability and initial evolution kinetics of a flat film. If F”(L) is negative, the film is unstable;
otherwise, the film is either stable or metastable. From the shape of the potential of an unstable film one
can infer the upper and lower stable thickness by means of Maxwell constructions and also sem+ quantita-
tively estimate the shape of a stable droplet. For apolar polymer films on a substrate, the most widely a
dopted form assumes the nonretarded Lifshitz van der W aals (LW) interactions and it has almost exclu-

sively been treated as noretarded, meaning that they work instantaneously through the media separating

the interaction surfaces, namely, F(L )= - A/ 127L°, where A is the Hamaker constants. How ever, this
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form of F(L) is valid only for a very small film thickness less then 5 nm. Otherwise, retardation effects

have to be considered ''"*"'.

2 Theory

In this paper, we study a model system of air, polymer, silicon oxide, and silicon (hereafter referred
to as the A ir/PS/Si0/Si system), which turn out to account for the effects of dispersion forces in poly-
mer dewetting. T he second derivatives of the free energy, wavelength and growth rate are calculated to
investigate the effects of the coating on the substrate and the retarded effects. Our studies focus on the
calculation of the excess Helmholtz free energy of the polymer film of thickness at the interface between
two other media. Because of the inherent manybody nature of such interactions in condense matter, the
dispersion forces effects are most conveniently treated by considering all phase as isotropic continuous
media characterized by frequencydependent dielectric functions. T his is the approach taken by Dzya
loshinskii, Lifshitz, and Pitaevskii( DLP) that includes the temperature and retardation effects''. T he
main result is an expression for the excess free energy per unit area of a film of a given medium between

two other media. T he general scheme for calculating the LW free energy F in layered geometry is' """

F= kT ;‘jflnma’ &) b (2].[)2, (1)

The function W (g, @) determines the dispersion relations of the electromagnetic normal modes that satis-
fy the corresponding boundary conditions and field equations. ¢g» and ¢, are the components of the wave
vector which are parallel to the surfaces. The prime on the sum indicates that the n= 0 term is halved.
&= (27T /W) n, ks, hand T have their usual meaning. By assigning the energy of a harmonic oscillator
to each allowed electromagnetic mode and solving M axwell’ s equations with boundary conditions, we can

get the excess free energy per unit area of the polystyrene film of thickness L in the layered geometry,
k T
FiL) = B g () (B o, (2)

R(xi, xw) R(xn,x0)+ R(xi xu)R(xA,ich)f/?L(xr xn)e nl’t ¢ R(x),x1) = xj = xk_

1- R(xv, xh)R(xw, xh)e X+ Xk

where: g(R) = 1- (

(x; xk) = e b xv= x;xk= [x o+ rn(a/&)]”(k— v, h,1), and the material (v, h, w, 1) (cor
X kE + x k&’

responding to silicon, silicon oxide, polystyrene and air) dielectric functions are evaluated at the sequence

2 &/c. If the silicon is clean, i.

of imaginary frequencies i&. The lower limit of integration is rn= 2L(& )
e., the layer of silicon oxide is cancelled, equation (2) reduces to the following form,

kBT (x_ xz)(x XH) —x (8/96— 84;96,:)(896— 81.961) —-x
8TL* £ jx[ln(l (x+ xi)(x+ xn) (€x + &x.)(& + 8«xi)e )] dx. (3)

If the retardation effect is not included, an approximation to equation (3) can be written as

P = LS [T BeEUE=Ea ), (4)

The dielectric functions requlred in the integral, §i€), is the analytic continuation of the material die-

F(L) = )+ In(1-

lectric function § ®) to imaginary frequencies. They can be easily generated from the fitting of the dielee-

tric response of the material to a damped-oscillator model of the form
_ fi
8((,0)_ I+ jZe]Z_ ihv‘)gj— (hw)Z’ (5)

where ¢/, fj and gi are fitting parameters.

In principle, DLP theory is applicable to any bodies at any temperature, independent of their molecu-

lar nature. Since the theory follows from the exact equations of the electromagnetic field, it automatically
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takes account of retardation effects. Equation (2) assumes implicitly that the medium is isotropic. T he
LW result for materials with anisotropic polarizability functions had been worked out''” . We neglect ani-

sotropy of the materials polarizability in this work for it seems to be small in our model system.

3 Results and Discussions

0.045 T T he dielectric functions come from several dif-
" 0.035 i ferent sources. For ice, water and polystyrene, we
é 0.025 i have used the fits to the dielectric data determined
g . - by Parsegian and Weiss . Data for silicon based
S 0.015 i The Minimum on a single band model was obtained from Sabisky
= 0.005 i and Anderson'”" and the dielectric function for sil-

-0.005 h ] 1 B 7 £ . con oxide was taken from Hough and White that

Film Thickness L/nm were based on a double band model'™ . In order to

. . . check that our numerical procedure gave correct re-
Fig. 1 The Free Energy per Unit Area as a Function of

Film Thickness in Air/ Water/ Ice System sults, we calculated the free energy of airwaterice

system. The free energy per unit area as a function
of film thickness L is shown in figure 1. We readily find that our results agree well with that of Michael
Elbaum and M. Schick, which a minimum was obtained in the surface free energy corresponding to arath-
er thick film of water, 3.6 nm''".

The effective interface potential of the system F('L),or more precisely F//(L), the second derivative
of F(L) with respect to the film thickness L, is related to the spontaneous rupture. It is readily shown
that the spinodal instability can take place only if F(/(L) is negative. Whenever this is the case, the system
is unstable. We show the free energy per unit area of polystyrene F(L) and FJ/(L) on different types of Si
wafers in Figure 2 and Figure 3, respectively. It is found PS films on top of pure, clean Si substrate are
stable, but they are unstable on infinitely thick oxide layers. When the thickness of silicon oxide are 2
nm, 5 nm, the sign of F”(L) will change as the film thickness increases as large as 6 nm, 15 nm, respec-
tively; whereas it is still negative when the film thickness becomes 100 nm when the silicon oxide thick
ness is 106 nm. T hese results show the stability of the PS films can be modulated by the variation of the
oxide. From the Figure 2, we can see that excess free energy of air/ PS/ SiO system is almost the same as
the air/PS/ SiO/Si in which silicon oxide thickness is 106 nm. It can be infered that the Si substrate has

little influence on the total interaction in this case.
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Fig. 2 The Free Energy per Unit Area of Polystyrene Fig. 3 The Second Derivative of the Free Energy Per Unit
on Different Types of Si Wafers in Area of Polystyrene on Different types of Si
Air/ PY SiO/ Si System Wafers in Air/ PS SiO/ Si System
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107! D(Si0)=106 Using the mean field approach and simplifying

106nm

] [23-25]

to linear calculations, Vrij'™ and other have
shown that stability would drive the system into
exponentially growing mode which had wavelength
M= (8CVF (L))" and growth rate Tu= L°F
(L)*/( 121Y), where ¥ and W are the liquid surface

tension and viscosity, respectively. The wavelengths

wavelength/cm

Film Thickness L/cm for three kinds of Si wafers are shown in Figure 4,
Fig. 4 The Wavelengths for Three Kinds of Si respectively. We can see that the influence of silicon
Watfers in Air/ PS/ Si0/ Si System oxide layer thickness on the total free energy is
comparatively large.
The long range LW interactions in our air/ PS/Si0/Si system is made up of three interactions and

can be readily obtained by pair wise summation in the microscopic approach of London and Hamak-

1516
er! 15160

Asio + Aso— Asi (5)
120> " 120(L + D)*

where Aso and A si indicate the Hamaker constants of air/ PS/SiO and air/ PS/Si system respectively and

F(L) =

D is the thickness of silicon oxide.

In order to check the retardation effects, a 1072
comparison is made for the values of the growth -~ 107
rates calculated by using the full (2) and approx+ :E 0
mate free energy form (5) in Figure 5. It is found i .
that the full results deviate the norretarded results E 10
at a smaller film thickness when the silicon oxide is S5 107
small. Our study shows that the contribution of the 1079
layer of silicon oxide to the total interaction free ! Film Thickness Z/nm *

energy must be important when its thickness is not .
Fig. 5 The Values of the Growth Rates Calculated by Using

the Full and the Approximate form of Free
ed effect may be important in the instability of polt Energy in Air/ PS/ SiOV Si System

large enough to screen the substrate and the retard-

ystyrene films sometimes

4 Conclusions

In this work, we have applied the DPL theory to investigate the instability of PS films within the
framework of the frequencydependent theory of dispersion forces. It is found that the stability of the film
can be tuned by the properties and the variation of the thickness of the coating. As the film thickness in-
creases, we find that the retarded effects can be significant and the full results of free energy must be used
to deal with the instability of the PS films. The film instability can only be induced by the defect or ther
mal nucleation if there is no coating on the substrate. As the coating thickness increases, the film becomes

instable. When the coating is as large as about, the film will become unstable, regardless of the substrate.
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