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Evidence for Capillary Waves on Dewetted Polymer Film Surfaces: A Combined
X-ray and Atomic Force Microscopy Study
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Surfaces of thin dewetted polyethylene-propylene films were investigated by atomic force microscopy
(AFM) and x-ray scattering. The AFM images show the mesoscopic island structure but do not give
information about the microscopic roughness of the polymer surface. Together with the AFM data we
were able to identify capillary waves on the island surfaces by their specific power laws in the diffuse
x-ray scattering signal. The wave number spectrum of these waves is modified by a cutoff introduced
by the van der Waals substrate-film interactions. [S0031-9007(98)07245-7]

PACS numbers: 68.15.+e, 61.41.+e, 68.45.Gd
d
a
r

h
d

eg
th
t

by
)
u
th
b

g
e
th
o
e
e
c

ra

e

st

is
ed

is
tter
r
er
and
ore
by

r

of
ds”)
till

by
We
) as

sly
e

tely

e
m
ince

-
e III
ter-
id
The spreading of simple liquids on solid substrates
well understood [1]. The equilibrium thickness depen
on the van der Waals interactions between the solid
the liquid and is typically on the order of molecula
dimensions. If the interfacial energies of the liquid at t
solid and gaseous interfaces are larger than that of the
substrate, dewetting occurs and droplets or islands b
to form. A large body work has been done concerning
mesoscopic structures that form during dewetting. Mos
polymer films were the focus of the investigations
optical microscopy or atomic force microscopy (AFM
(see, e.g., Refs. [2–5]). However, little is known abo
the microscopic structure of the surfaces on top of
islands of dewetted films. Previous investigations
Tidswell et al. [6] of capillary waves on liquid thin films
that completely wet a solid surface show that long-ran
correlations on liquid surfaces can be identified by th
specific x-ray scattering signals. Here we present
first quantitative study of capillary waves propagating
dewettedliquid polymer films. These films were in th
initial capillary instability stages of dewetting where th
sample surface is just roughened on a mesoscopic s
(islands), but a complete dewetting down to the subst
has not yet occurred.

From the theory of capillary waves it is known that th
displacement-displacement correlation functionCsRd ­
kzsrdzsr 1 Rdlr of a fluctuating interface, withzsrd being
the displacement at the lateral positionr, is given by
[7–10]

CcapsRd ­
B
2

K0sql,cRd , (1)

with K0sxd being the modified Bessel function of the fir
kind andB ­ kBTypg (B , 5 10 Å2 for most liquids
and polymers at room temperature;g is the surface
tension at the temperatureT ). The quantityql,c is a
0031-9007y98y81(13)y2731(4)$15.00
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“low wave vector cutoff” of the surface waves. Th
cutoff prevents the divergence of the thermally induc
long-range fluctuations of the liquid surface and hence
strongly influenced by a background potential. The la
is simply given by gravity in the case of bulk liquids. Fo
thin films the role of gravity is taken by the much strong
van der Waals interactions between the adsorbed film
the substrate. Hence long-range correlations are m
effectively suppressed and the lower cutoff is given
ql,c ­ ayd2 with the film thicknessd and a characteristic
length a ­

p
Aeffy2pg which is on the order ofa ,

5 Å for most liquids (Aeff is the effective Hamake
constant) [6,11,12].

In the case of a liquid that is in the initial stage
dewetting a substrate, mesoscopic structures (“islan
form. The question is whether capillary waves are s
present on these islands and how they are influenced
the background potentials and the island structures.
have chosen the polymer polyethylene-propylene (PEP
film material with a molecular weightMW ­ 290 3 103

corresponding to a radius of gyrationRG ø 150 Å. Five
films of thicknessesd ­ 48, 88, 107, 201, and 469 Å
were spun cast onto silicon wafers which were previou
etched with hydrofluoric acid to thin the native oxid
layer [13]. The samples were annealed for approxima
one day at 180±C under high vacuum conditionssp ,
1026 mbard to reach equilibrium and to evaporate th
solvent. Afterwards they were cooled down to roo
temperature where all measurements took place. S
the glass transition temperature of PEP isTG ø 262 ±C,
the films are still expected to be in the liquid state [14].

The investigations were done in two steps: (i) AFM im
ages of the PEP surfaces were taken with a Nanoscop
(Digital Instruments). These images reveal the charac
istic island structures of dewetted films [3]. Since a liqu
© 1998 The American Physical Society 2731
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ray
surface is fluctuating, it is clear that the specific propert
of liquids cannot be measured by AFM. Therefore, (
x-ray scattering experiments were performed at the s
chrotron HASYLAB at DESY in Hamburg (Germany) a
the bending magnet beam line E2. As it will be show
below, the x-ray scattering signal is sensitive to the mic
scopic part of the roughness, too, i.e., here to the capil
wave fluctuations. A monochromatic beam of wavelen
l ­ 1.00 Å was used for the measurements. The scat
ing geometry with the in-plane componentsqx andqz of
the scattering vectorq is schematically depicted in the in
set of Fig. 1 and was previously described in other wo
[15,16]. The vertical size of the slits gave a resolution
dqx ­ 5 3 1025 Å21 at qz ­ 0.2 Å21. Horizontally (in
y direction) the slits were wide open, leading to an effe
tive integration overqy. For each sample the reflectivit
and transverse scans alongqx for qz ­ 0.15, 0.20, and
0.30 Å21 were taken.

Figure 2(A) shows the AFM data for thed ­ 107 Å
thick PEP film [17]. The island structure is visible. Qui
similar structures were found on all surfaces. The
land size is found to increase with increasing film thic
ness as observed previously by AFM [3] and accord
to theoretical predictions [18]. The line in Fig. 2(C) d
picts the power spectral density (PSD)Lsqd as calculated
from the AFM image. The PSD is the Fourier tran
form of the displacement-displacement correlation fu

FIG. 1. Transverse scans alongqx at qz values 0.15, 0.20,
and 0.30 Å21 for a PEP film of thicknessd ­ 201 Å on
silicon. The open circles are the data, and the lines are
with the island cutoff model. The inclined vertical dash
line shows that the power-law region is separated from the
part by aqz-dependent cutoffqeffsqzd. The other dashed line
show calculations for capillary wave surfaces in the absenc
islands. The inset depicts the scattering geometry.
2732
es
i)
n-

t
n
o-
ry

th
er-

ks
of

c-

e
s-
-
g

-

-
c-

fits
d
at

of

tion CsRd and yields the distribution of wave numbers
the Fourier spectrum of the rough surface. Since no ori
tation is preferred, the respective angular average is p
ted. A maximum atq0 ­ 3.1 mm21 can be seen which is
caused by the regular mesoscopic structure of the isla
(see below). The open circles in Fig. 2(C) show a nume
cally calculated PSD for the simulated island distributi
as shown in Fig. 2(B) where circular islands, all of th
same height and without microscopic roughness, were
sumed. The result of the simulation and the image ag
well, both in real and in reciprocal space. Figure 2(
(line and open circles) shows the corresponding PS
Lsqxd, but now averaged overqy instead of the angular
dimension. This quantity corresponds essentially to w
is measured in an x-ray experiment (crosses). It is wo
noting that this average removes the maximum atq0.

The discussion above shows that the AFM data c
be fully explained by the mesoscopic island structure
further details are invisible. The main reason for this
that details on an atomic scale of fluctuating interfaces
hard to observe with an AFM where a tip is moved ov
the surface. Here scattering techniques have signific
advantages.

To calculate the off-specular x-ray scattering fro
a dewetted PEP surface, one needs the real-sp

FIG. 2. (A) AFM image of a dewetted PEP surface for a fil
of thicknessd ­ 107 Å. (B) Sketch of a surface possessing
random arrangement of circular islands. (C) Line: PSDLsqd
as obtained from a 2D Fourier transform of the AFM ima
and a subsequent angular average. Open circles: PSD obta
by Fourier transforming the arrangement shown in image (
(D) Line: PSDLsqxd averaged overqy as calculated from the
AFM image. Open circles: PSDLsqxd averaged overqy as
calculated with the arrangement shown in (B). Crosses: x-
data obtained with a coarse resolution inqy direction.
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correlation functionCsRd of capillary waves on islands
We have chosen the ansatzCsRd ­ CcapsRd 1 CissRd
which is reasonable because one may separate
displacement termzsrd into a capillary wave and a
island part; i.e.,zsrd ­ zcapsrd 1 zissrd, where the two
fluctuations are independent. For the island correla
function the following simple form is able to explain a
major features of the scattering:

CissRd ­ s2
is exps2DqRd cossqDRd , (2)

whereqD ­ 2pyD is the periodicity given by the averag
size D of the islands,Dq defines the width of the siz
distribution in reciprocal space, andsis is the “rms
roughness” caused by the islands. It is obvious t
both Dq and sis are island size and thus film thickne
dependent also (for details see Ref. [3]). The Fou
transform of Eqs. (1) and (2) yields the PSDLsqd of an
island covered surface possessing capillary waves.
analytic discussion of the Fourier transform ofCissRd
reveals that the PSD exhibits a peak for a narrow s
distribution, or more quantitatively forqD . Dq. In the
reverse case, i.e., if the mean value of the reciprocal is
size qD is smaller than the widthDq of the respective
distribution, the surface appears essentially random
all directions and the PSD does not show a peak.
island part is again very similar to the functions sho
in Fig. 2(C) where the locationq0 of the maximum is

given by q0 ­
q

q2
D 2 sDqd2. An important feature of

the curves shown in Figs. 2(C) and 2(D) is the slope of
respective PSD’s forq . q0 and qx . q0, respectively.
This slope isø23 for the numerically obtained PSD an
that calculated from the AFM image andø22 for the qy

averaged functionsLsqxd depicted in Fig. 2(D). As it can
be proven analytically, these features are also corre
described by Eq. (2). HenceCissRd is a statistically
complete real space description of the AFM images.

Since the scattering is proportional to the Four
transform of exphq2

z CsRdj [19,20] and hereCcapsRd 1

CissRd, we obtain the following scattering functionSsqd
of the PEP surface in Born approximation

Ssqx , qzd ­ A
sD% d2

q2
z

exph2q2
z ss2

cap 1 s2
isdj

3 Scapsqx , qzd p Sissqx , qzd , (3)

where scap is the roughness due to capilla
waves as defined in Ref. [19],D% is the PEP/air
scattering length density contrast,Scapsqx , qzd ­R

exphq2
z CcapsXd 1 iqxXj dX and Sissqx , qzd ­R

exphq2
z CissXd 1 iqxXj dX are separately sqx , qzd-

dependent scattering functions, from capillary waves
islands alone, respectively, andspd denotes a convolution
in qx. Since the measurements have shown that
diffuse scattering stems essentially from the dewe
PEP film surfaces, the scattering from the very smo
silicon substrates was neglected in Eq. (3).
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A discussion of Eq. (3) yields power-law expressio
for Ssqx , qzd which are valid forqx . qeffsqzd ­ sq2

l,c 1

h2q2
0d1y2 with h ­ Bq2

z y2. Furthermore, the particula
qz-dependent capillary wave exponent [19] changes
thin dewetted films fromS ~ q

h21
x to S ~ q

h22
x .

Figures 1 and 3 depict the data (circles) and fits (lin
of transverse scans taken along the directionqx (see in-
set of Fig. 1). The data shown in Fig. 3 were measu
at qz ­ 0.2 Å21. The regionqx , 5 3 1025 Å21 con-
tains the specular peak which was modeled as a Ga
ian. The diffuse scattering, i.e., the intensity measured
qx . 5 3 1025 Å21, was fitted with the expression give
by Eq. (3). Two regions can be identified: (i) A rather fl
region close to the specular peak. The size of this reg
decreases with increasing film thickness. (ii) A powe
law region where the diffusely scattered intensity is p
portional toq

h22
x . Figure 1 shows that the exponent is

function of qz and the fits (lines) reveal theqz-dependent
exponents typical of capillary waves. However, due to
islands the additional correlation functionCissRd yields a
q

h22
x behavior instead of the usual pure capillary wa

form q
h21
x [19] (see dashed lines in Fig. 1). The incline

vertical dashed line emphasizes that the cutoffqeff is a
function of qz , too, as anticipated by the calculations

FIG. 3. Diffuse scattering from PEP films on silicon su
strates with film thicknessesd ­ 48, . . . , 469 Å. Transverse
scans (open circles) for fixedqz ­ 0.2 Å21 are shown. The
lines are fits to the data. The inset depicts a log-log plot
the lower capillary wave cutoffql,c vs d (open trianglesql,c
obtained from the diffuse scattering fits; line: linear fit). T
Yoneda peak atqx ø 3 3 1023 Å21 was excluded from the
data analysis.
2733



VOLUME 81, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 28 SEPTEMBER1998

le
er

o

.
r-
f
it
o

e

[3

da

o
s
v
av
a-

de

lu
t.
o
er
u
th
ac
aa
re
n
ay
to

nc
ry
ific

G
on

lly
9-

s,
ys.

ys.

nd

. D.

.

r

nd

J.

of
eal

. E.
E

d

T.
is,

not
ple
nd

ate
on
he

ad.

o,

y,
the scattering above. Only for the thickest film the who
diffuse scattering is essentially determined by the pow
law region which shows aq

h21
x behavior. Thus, for this

thickness already free capillary waves which propagate
the liquid PEP surface are found.

We emphasize here again that the fits shown in Fig
confirm theqz dependence of the exponent in the powe
law region. This particular form is a fingerprint o
a logarithmically diverging correlation function; i.e.,
proves unambiguously the presence of capillary waves
the liquid PEP surfaces [19,20].

The inset of Fig. 3 depicts a log-log plot ofql,c vs
the film thickness. The straight line with slope21.6 ø
22 suggests that a van der Waals cutoffql,c ­ ayd2

with a ø 7 Å can be identified by our data. From th
nominal parameters for PEP,Aeff , 10218 10219 J for
the effective Hamaker constant andg ­ 30 dynycm2 for
the surface tension (for a detailed discussion see Ref.
and references therein), a value ofa ­ 7 20 Å may be
calculated, again showing a good agreement between
and theory.

The theory of Brochardet al. [18] for resonant capil-
lary modes which are present at the prerupture stage
an unstable film in the initial stage of dewetting yield
a power law behavior for the respective resonant wa
number. If we assume that our dewetted structures h
resulted from the evolution of these amplified fluctu
tions, the wave numberq0 of the maximum of the PSD
[see Fig. 2(C)] may be estimated byq0 ~ d2m. How-
ever, we are aware of the fact that this is only a cru
approximation. The analysis of our data suggestsm ø 1.
Since the error bars are quite large, the theoretical va
of m ­ 3y2 is still within the accuracy of our experimen

In summary, we have presented the first study
thermally induced height-height fluctuations on polym
surfaces which are on the initial stage of dewetting. O
results suggest the existence of capillary waves on
island substructures. The propagation of these surf
waves is suppressed by the background van der W
potential and superimposed over the island structu
The two effects were separated in a most direct a
unambiguous manner by simultaneous AFM and x-r
scattering measurements. Further work may help
understand the microscopic mechanism of dewetting si
the wave number spectrum of capillary waves is ve
sensitive to the microstructure of the films and the spec
form of the substrate/adsorbate interactions.
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