
第 31卷 第 2期 吉首大学学报(自然科学版) Vol. 31 No. 2

2010年 3月 Journ al of Ji shou University ( Natural Science Edit ion) Mar. 2010

Article ID:1007-2985( 2010) 02-0055-05

Application of the Theory of Dispersion Forces to the

Dewetting of Polymer Films
*

WU L-i hua, ZHAO H e-ping

( Co llege of Physics Science and Information Engineer ing , Jishou Univ ersity , Jishou 416000, H unan China)

Abstract: The theo ry of Dzyalo shinskii, L if shitz, and Pitaev skii ( DLP) is applied to invest ig ate the ef fects

of dispersion fo rces in the dew et t ing of po lymer films in the system o f air, polymer, silicon ox ide and sil-i

con. T he second derivate of the free energ y, w aveleng th and g row th rate ar e calculated. The results show

that the coat ing can modulate the w ettability o f it s subst rate and the retarded ef fects can be signif icant

somet imes. They should be taken into account to deal w ith the dewet t ing instabil ity o f the polymer f ilms.
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1 Introduction
Dew et t ing is a phenomenon in w hich thin liquid film s on so lid subst rates break up into liquid drop-

lets. Because o f the w idespread usage of org anic f ilm s, much effort has been put into under standing dew-

et t ing phenomenon bo th experimentally and theor et ically in recent y ears [ 1-11] . Ow ing to the immense com-

plexity of the involved mechanisms, there is yet no general ag reement reached concerning the underlying

physics of dew et ting and st ructure format ion at inter face. On a theo retical basis, tw o mechanisms are pos-

sible, according to w hether the f ilm is unstable or metastable[ 7] . W ith unstable films, rupturing occur s

spontaneously via a spinodal mechanism. In metastable f ilms, rupturing starts f rom nucleat ion o f domain

bubble, a process called heterog eneous nucleation. T he distinct ion is thermodynamics in character , deter-

m ined by the fr ee energ y per unit area of the film F( L ) . The shape of F( L ) , as a funct ion o f film thick-

ness, L , contains crucial information about the stability of a thin film. The f irst and second derivatives of

the potent ial yield the disjoining pressur e and the spinodal parameter, w ith the lat ter containing info rma-

t ion on the stability and init ial evolut ion kinetics o f a f lat f ilm. If F ( L ) is negat ive, the f ilm is unstable;

otherw ise, the f ilm is either stable or metastable. Fr om the shape of the potent ial of an unstable f ilm one

can infer the upper and low er stable thickness by means of Maxw el l const ruct ions and also sem-i quant ita-

t ively est imate the shape of a stable droplet . For apo lar po lymer film s on a subst rate, the most w idely a-

dopted form assumes the nonretarded Lifshitz- van der W aals ( LW) interact ions and it has almost ex clu-

sively been treated as no retarded, meaning that they w ork instantaneously through the media separ at ing

the interaction surfaces, namely, F ( L )= - A/ 12 L
2 , w here A is the Hamaker constants. How ever, this
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fo rm of F( L ) is valid only for a very small film thickness less then 5 nm. Otherw ise, retardation ef fects

have to be considered [ 12-15] .

2 Theory
In this paper, w e study a model sy stem of air, polymer, silicon oxide, and silicon ( hereaf ter referred

to as the A ir / PS/ SiO/ Si system) , which turn out to account fo r the ef fects o f dispersion forces in po ly-

mer dew ett ing. T he second derivat ives of the f ree ener gy, w aveleng th and gr ow th r ate are calculated to

invest ig ate the effects of the coat ing on the subst rate and the retarded effects. Our studies focus on the

calculat ion of the excess Helmholtz f ree energ y o f the polymer film of thickness at the interface betw een

tw o o ther media. Because of the inherent many-body natur e of such interact ions in condense mat ter, the

dispersion forces effects are most conveniently t reated by considering all phase as isot ropic cont inuous

media char acterized by f requency-dependent dielect ric functions. T his is the appro ach taken by Dzya-

loshinskii, L if shitz, and Pitaevskii ( DLP) that includes the temperature and retardat ion effects[ 16] . T he

main result is an expr ession for the excess f ree ener gy per unit area of a f ilm o f a given medium betw een

tw o other media. T he general scheme for calculat ing the LW free energ y F in layered geometry is[ 17-18]

F = kBT
n= 0 0

ln W (q , = i n)
dqx dqy
(2 )

2 , (1)

The funct ion W (q, ) determ ines the disper sion relations of the elect romagnet ic normal modes that sat is-

fy the corr esponding boundary condit ions and field equations. qx and qy are the components of the w ave

vector w hich are parallel to the surfaces. T he pr ime on the sum indicates that the n= 0 term is halv ed.

n= ( 2 kBT / ) n, kB , and T have their usual meaning . By assigning the energ y of a harmonic oscillator

to each allow ed elect romagnet ic mode and solving M axw ell s equat ions w ith boundary condit ions, w e can

get the excess free energ y per unit ar ea of the poly styrene f ilm o f thickness L in the layered geometry,

F( L ) =
k BT

8 L
2

n= 0 r
n

x ln[ g( R) g(R) ] dx , (2)

where: g (R) = 1- (
R( x i , x w ) R( x h , x w ) + R( x i , x w ) R( x x , x h ) R( x x , x h) e- 2x

h
d / L

1 - R( x v , x h) R( x w , x h) e
- 2x

h
d/ L e- x

; R ( x j , x k ) =
x j - x k

x j + x k
;

R ( x j , x k ) =
x j k - x k j

x k k + x k j
; x w = x ; x k = [ x

2
+ r

2
n( k / w ) ]

1/ 2
( k = v , h, i) , and the material ( v, h, w , i) ( cor-

r esponding to silicon, silicon oxide, poly styrene and air) dielect ric funct ions are evaluated at the sequence

of imaginar y f requencies i n . T he low er limit o f integrat ion is rn= 2L ( w )
1/ 2

n / c. If the silicon is clean, i.

e. , the lay er of silicon oxide is cancel led, equat ion ( 2) r educes to the fol low ing form,

F( L ) =
kBT
8 L

2
n= 0 r

n

x [ ln(1 -
( x - x i ) ( x - x v )
( x + x i ) ( x + x v )

e
- x
) + ln(1 -

( V x - wx v ) ( ix - wx i )
( vx + wx v ) ( ix + wx i )

e
- x
) ] dx . (3)

If the retardat ion effect is not included, an appro ximat ion to equat ion ( 3) can be w rit ten as

F( L ) =
kBT
8 L

2
n= 0 0

x [ ln(1 -
( V - w ) ( i - wx )
( v + w ) ( i + w )

e
- x
) ] dx . (4)

The dielect ric functions required in the integral, ( i ) , is the analy tic cont inuat ion of the material die-

lectr ic function ( ) to imag inary f requencies. They can be easily gener ated f rom the f it ting o f the dielec-

tric response of the material to a damped-oscillator model of the fo rm

( ) = 1 +
j

f j

e
2
j - i g j - ( )

2 , (5)

where ej , f j and g j ar e fit t ing parameters.

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

lar nature. Since the theo ry follow s f rom the exact equat ions of the elect romagnet ic f ield, it automatically
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takes account of r etardat ion effects. Equat ion ( 2) assumes implicit ly that the medium is isot ropic. T he

LW result for materials w ith aniso tropic po lar izability funct ions had been w or ked out[ 19] . We neg lect an-i

sot ropy of the materials polarizability in this w ork for it seems to be small in our model system.

3 Results and Discussions

Fig. 1 The Free Energy per Unit Area as a Function of

Film Thickness in Air/ Water/ Ice System

T he dielect ric funct ions come fr om several dif-

ferent sources. Fo r ice, w ater and po lysty rene, w e

have used the fit s to the dielect ric data determined

by Parseg ian and Weiss
[ 20]

. Data for silicon based

on a sing le band model w as obtained from Sabisky

and Anderson[ 21] and the dielect ric function for sil-i

con ox ide w as taken fr om Hough and White that

were based on a double band model
[ 18]

. In or der to

check that our numerical procedure gave co rrect re-

sults, w e calculated the f ree ener gy o f air-w ater- ice

system . The free energy per unit area as a function

of f ilm thickness L is show n in f igure 1. We readily f ind that our r esults agr ee w ell w ith that of M ichael

Elbaum and M. Schick, w hich a m inimum was obtained in the surface fr ee energy cor responding to a r ath-

er thick film of w ater , 3. 6 nm[ 14] .

The effect ive interface po tent ial of the sy stem F( L) , or mo re precisely F ( L ) , the second derivative

of F( L ) w ith respect to the f ilm thickness L , is related to the spontaneous rupture. It is readily show n

that the spinodal instability can take place only if F ( L ) is negat iv e. Whenever this is the case, the sy stem

is unstable. We show the f ree energ y per unit area of polysty rene F( L ) and F ( L ) on dif ferent types of Si

w afers in Figure 2 and Figure 3, respectively. It is found PS film s on top o f pur e, clean Si subst rate are

stable, but they are unstable on infinitely thick ox ide layers. When the thickness of silicon ox ide are 2

nm , 5 nm , the sign o f F ( L ) w ill change as the film thickness increases as large as 6 nm , 15 nm, respec-

t ively; w hereas it is still negat ive w hen the f ilm thickness becomes 100 nm when the silicon ox ide thick-

ness is 106 nm . T hese r esul ts show the stability o f the PS film s can be modulated by the variat ion of the

ox ide. From the Figur e 2, w e can see that ex cess f ree energy of air/ PS/ SiO system is almost the same as

the air/ PS/ SiO/ Si in w hich silicon oxide thickness is 106 nm. It can be infered that the Si subst rate has

litt le inf luence on the total interaction in this case.

Fig. 2 The Free Energy per Unit Area of Polystyrene

on Dif ferent Types of Si Wafers in

Air/ PS/ SiO/ Si System

Fig. 3 The Second Derivative of the Free Energy Per Unit

Area of Polystyrene on Dif ferent types of Si

Wafers in Air/ PS/ SiO/ Si System
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Fig. 4 The Wavelengths for Three Kinds of Si

Wafers in Air/ PS/ SiO/ Si System

U sing the mean f ield approach and simplifying

to linear calculat ions, Vr ij[ 22] and other [ 23-25] have

shown that stability w ould drive the system into

exponentially g row ing mode which had w aveleng th

m= ( 8 2
/ F ( L ) )

1/ 2 and g row th r ate m = L
3
F

( L )
2
/ ( 12 ) , w here and are the liquid sur face

tension and viscosity, respectively. The w avelengths

for three kinds of Si wafer s ar e show n in Figure 4,

respectively . We can see that the inf luence of silicon

oxide layer thickness on the total f ree energ y is

comparat iv ely larg e.

The long range LW interactions in our air/ PS/ SiO/ Si system is made up of three interact ions and

can be readily obtained by pair w ise summation in the m icroscopic approach of London and Hamak-

er [ 15-16] ,

F( L) =
A SiO

12 L
2 +

A SiO - A Si

12 ( L + D)
2 , (5)

where A SiO and A Si indicate the Hamaker constants o f air/ PS/ SiO and air/ PS/ Si sy stem respect ively and

D is the thickness of silicon ox ide.

Fig. 5 The Values of the Growth Rates Calculated by Using

the Full and the Approximate form of Free

Energy in Air/ PS/ SiO/ Si System

In order to check the retardat ion ef fects, a

comparison is made for the values o f the grow th

rates calculated by using the full ( 2) and approx-i

mate free energy fo rm ( 5) in Figure 5. It is found

that the full results dev iate the non-retarded results

at a smaller film thickness w hen the silicon ox ide is

small. Our study show s that the contribut ion of the

layer of silicon ox ide to the total interact ion f ree

energy must be impor tant w hen its thickness is not

large enough to screen the subst rate and the retard-

ed effect may be impo rtant in the instability of po-l

y styr ene f ilms sometimes

4 Conclusions
In this w ork, w e have applied the DPL theory to investig ate the instability of PS f ilms w ithin the

framew ork of the f requency-dependent theo ry of dispersion forces. It is found that the stabil ity o f the f ilm

can be tuned by the propert ies and the variation o f the thickness of the coat ing . As the f ilm thickness in-

creases, w e f ind that the retarded ef fects can be significant and the full results of free energy must be used

to deal w ith the instability of the PS f ilms. The f ilm instability can only be induced by the defect or ther-

mal nucleat ion if there is no coat ing on the subst rate. As the coat ing thickness increases, the film becomes

instable. When the coat ing is as large as about , the f ilm w ill become unstable, regardless o f the substr ate.
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应用色散力原理研究高分子薄膜的去湿润现象
吴利华,赵鹤平

(吉首大学物理科学与信息工程学院, 湖南 吉首 416000)

摘 要:应用 Dzyaloshinskii, L ifshitz, 和 P itaevskii( DLP)理论研究了 空气/高分子薄膜/ SiO 2 / Si 体系中色散力对薄膜

表面去湿润的影响,计算了自由能的二阶导数、波长和生长率. 研究结果表明: 覆盖层可以改变基底的湿润性, 延迟效应在

某些情况下起着很重要的作用,在研究去湿润引起的高分子薄膜不稳定时必须考虑延迟效应.

关键词:色散力; 去湿润;延迟效应; 波长;生长率
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