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Viscosity of entangled polystyrene thin film melts: Film thickness dependence

Jean-Loup Masson and Peter F. Green
Texas Materials Institute and Department of Chemical Engineering, The University of Texas at Austin, Austin, Texas 7871

~Received 15 August 2001; revised manuscript received 26 October 2001; published 7 March 2002!

We determined the low-shear effective viscosity ofentangledpolystyrene thin film melts, in the thickness
range of 27,h,100 nm, on SiOx /Si substrates. This was accomplished using a method based on the notion
that thin liquid films can become unstable and rupture due to defects or to destabilizing, long-range van der
Waals interactions~dewetting!. The holes that are created in the film subsequently grow at a rate determined by
a balance between the capillary driving forces and the viscous resistive forces. Based on the velocity of growth
of holes on the substrate, we show that the viscosity decreases appreciably with decreasing thickness for 25
,h,50 nm. These results are consistent with studies which suggest that the glass transition ofentangled
polystyrene thin film melts on SiOx /Si substrates exhibit an apparent decrease with decreasing film thickness
over the same range ofh.
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INTRODUCTION

Structure and dynamics at polymer surfaces and in
polymer films can differ substantially from the bulk@1–25#.
It is well understood that chain segments in the vicinity
the free surface are more mobile than those in underly
layers @2,7,8#. On the other hand, chain segments at
polymer/substrate interface are less mobile than chain
upper layers, particularly in the presence of a strongly in
acting substrate@15–17#. In fact, highly confined chains ex
hibit anisotropic segmental mobility in thin films. For ex
ample, experiments reveal that the segmental mob
normal to the surface decreases while the mobility paralle
the surface increases@12,15,16,24#. In thin films, changes in
properties such as the glass transition, chain diffusion,
the viscosity can be manifestations of the polymer-substr
polymer-surface interactions, and confinement effects. Th
issues are far from understood and they present new c
lenges for which new rules must be developed.

In this paper we are primarily concerned with the man
in which the viscosityh of thin films varies with film thick-
nessh. Few measurements of the film thickness depende
of h exist. Surface force measurements of the viscosity
polystyrene films, for example, indicate thath increases with
decreasing film thickness when the distances of separa
are of the order of nanometers to a few tens of nanome
apart@25#. The increase of the viscosity with decreasing fi
thickness would appear to be at odds with the decrease iTg
reported by a large body of researchers@4,17–23#. However,
in the surface force experiments, both interfaces of the fi
are constrained by hard substrates. As a result, these
surements do not provide meaningful information about
more common, asymmetric situation where one of the in
faces is a free surface. Clearly, the nature of the interact
of the polymer chains at the interfaces in these tribolog
measurements would be important, particularly when the
tance of separation was of the order of nanometers or ten
nanometers. In light of the influence of interfacial intera
tions on the mobility of chains near constrained interfaces
unconstrained interfaces~free surfaces!, the behavior of the
symmetric and asymmetric cases should be different.
1063-651X/2002/65~3!/031806~5!/$20.00 65 0318
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We determined, indirectly, a film thickness dependence
the low-sheareffectiveviscosity of thin polystyrene films in
the thickness range 25,h,75 nm. We used a method base
on the premise that thin polymer films on surfaces can
come unstable and rupture, thereby creating holes@26–47#.
The growth rate of the holes, within the experimental regi
of interest to us in this paper, is determined by a bala
between the capillary driving forces and viscous resist
forces. The viscosities determined from these measurem
are influenced largely by the lateral translational dynamics
the chains on the substrate.

EXPERIMENTAL SECTION

The samples were prepared by spin coating solutions
toluene and polystyrene of molecular weightMw
5130 kg/mol (Mw /Mn<1.06) onto silicon substrates. Th
glass transition temperature of high molecular weight po
styrene~PS! is 100 °C. The substrates had native SiOx layers
of 2 nm, as measured by spectroscopic ellipsometry. Her
ter we identify this as the PS/SiOx /Si system. The thicknes
of the polystyrene films, ranging from 25 to 102 nm, w
measured by spectroscopic ellipsometry as well as by ato
force microscopy~AFM!. AFM was also used to ensure th
the surfaces of the films were smooth after preparation
that rupturing occurred during annealing. The system w
subsequently annealed for various times at 170 °C in
vacuum oven. Successive images of the same regions o
samples, quenched to room temperature, were taken at
odic intervals using AFM.

RESULTS AND DISCUSSION

For films thicker than 74 nm local depressions,
dimples, developed at locations throughout the film. Th
depressions increased in depth but did not impinge on
surface even after days of annealing. When the films wer
the thickness range 27,h,74 nm, cylindrical holes~ex-
posed substrate! appeared throughout the film, Fig. 1, after
few minutes of annealing. An AFM line scan of a typic
hole is shown in Fig. 2. We note that while the hole rad
©2002 The American Physical Society06-1
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R(t) increased with time in each sample, the dynamic an
of contactud remained relatively constant during this sta
and was smaller than the equilibrium contact angle, as
pected.

Generally, the rupture of thin films can be understo
based on the following. For sufficiently thin films, the exce
free energy of interaction can be expressed as combinatio
long- and short-range interactions,DG52A/(12ph2)
1f(h) @34,41,46#. The first term represents the van d
Waals interaction between the liquid/vapor and liqu
substrate interface andf(h) represents the potential assoc
ated to the short-range interactions.A is the Hamaker con-
stant of the substrate/polymer/vacuum system. Ther
fluctuations at the polymer/vacuum interface can sponta

FIG. 1. A typical AFM image of a sample, accompanied by li
scans. The radius of the hole is identified.

FIG. 2. The radii of the holes in each film were observed
increase linearly with time for each film thickness.
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ously become amplified when the disjoining pressureG5
2]DG/]h.0. While the driving force for this process is th
disjoining pressure, a Laplace pressure, associated with
surface tensiong and the local radius of curvature, attemp
to dampen the fluctuations. If the disjoining pressure is m
dominant than the Laplace pressure, then fluctuations
subsequently grow and impinge on the substrate, crea
different patterns, reflecting fluctuations in the local fil
thickness. Depending on the curvature of the free ene
with film thickness, spinodal patterns@33,38,40# or holes
@29,30,38# have been observed.

Rupturing of thin films may also occur due to the pre
ence of defects. Here local gradients in interfacial tens
occur in the presence of impurities close to the surface of
film. These gradients in interfacial tension generate a lo
flow that leads to the formation of local depressio
~dimples! in the film. If the local thickness of the film de
creases below a certain value, the energy barrier for the
mation of a hole is overcome, resulting in this heterogene
nucleation process. This happens whengpvd

2 ~d is the depth
of the local depression! is comparable tokBT, kB is the
Boltzmann constant andT the temperature@26,47#. This
nucleation event~formation of dimples! is not dependent on
the original film thickness. Local depressions nucleate r
domly throughout the substrate and if the film is sufficien
thin, then rupturing~hole formation! occurs.

When the depression impinges the substrate, creatin
hole, the driving force for hole growth is the spreading c
efficient S @32#, where coefficient S5gsv2(gsp1gpv),
wheregsv, gsp, andgpv are the substrate/vacuum, substra
polymer, and polymer/vacuum interfacial tensions, resp
tively. An unstable film will eventually form droplets on
substrate provided thatS,0. The hole growth ratedR/dt is
constant when the capillary driving forces are balanced
the frictional~viscous! forces. During this stage, the dissip
tion of energy occurs primarily at the substrate/polymer
terface and a rim develops at the periphery of the hole
chains accumulate there and the radius increases as@32#

R~ t !2R0'
uSu
h S b

hD 1/2

~ t2t0!. ~1!

In this equation, the timet0 is the time that the hole impinge
on the substrate andR0 is the hole radius at timet0 . The
value ofh in this equation corresponds to an average visc
ity of the film in the vicinity of the edge of the hole. Th
slippage length isb5aN3/Ne

2, where a is the monomer
length @48,49# and Ne is the number of monomers betwee
entanglements. Polystyrene of molecular weight 130 kg/m
has a slippage lengthb517.5mm with a53.1024 mm, N
51250, andNe5183 ~Me519 kg/mol for PS!. Equation~1!
is valid for (bh)1/2,R,Rc5b517.5mm, and for R@L,
whereL is the rim width, which are always the case for th
conditions in our study. During the later stage whereR.b,
R}t2/3, because the size of the rimL increases (L}t1/2),
thereby increasing the frictional resistance to growth, wh
the driving force remains constant.

This paper is exclusively concerned with the time dep
dence ofR(t) in linear growth regime of cylindrical holes
6-2
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(27,h,74 nm) on the SiOx /Si substrates. Based on th
data in Fig. 2,R(t) increases linearly with time. Second, th
growth rateVg5dR/dt decreases with increasing film thick
ness, as shown in Fig. 3. In fact,Vg}h2k, wherek.1/2 for
the range of thicknessh,50 nm. For h,50 nm, Vg in-
creases at a considerably faster rate than that predicte
Eq. ~1!. Since the driving force for hole growthS is a con-
stant andb is constant, the discrepancy between the theo
ical prediction and our experimental result is reconciled
the fact thath decreases with decreasing thickness forh
,50 nm, as discussed in detail below.

The viscosity in these thin films can be estimated fro
our data using Eq.~1!, h5$(uSub1/2)/@Vg(h)h1/2#%, where
b517.5mm and uSu5ug lv@cos(ue)21#u55.75 mJ/m2 ~g lv
531.8 mJ/m2 andue535° andud55.5° for this substrate!.
The effective viscosities determined from our data are p
ted as a function of film thickness in Fig. 4, where they a
shown to decrease monotonically with decreasing thickn
for 27,h,50 nm.

The trends in these data are consistent with observat
that Tg of polystyrene films, in the same range of thickne

FIG. 3. The velocity of growth is shown to increase much mo
rapidly with film thickness than theh21/2 for h,50 nm. The solid
line has a slope on2 1

2 on this graph.

FIG. 4. The viscosity is shown to decrease appreciably w
decreasing film thickness. The data were fit using Eq.~4! with con-
stants,d51.8, A53.2 nm, andK535.
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on SiOx exhibits an apparent decrease with decreasing
thickness@4#. Keddie, Jones, and Cory@4# proposed an em-
pirical equation to fit the decrease inTg with decreasing
thickness.

Tg~h!2Tg~`!

Tg~`!
52S a

h D d

. ~2!

In sufficiently thick polystyrene films,Tg(`)5373.8 K
@4,50# and the constantsa and d are, respectively,a
53.2 nm andd51.8. Therefore, the effective temperatu
above the glass transition changes fromT2Tg to T82Tg ,
whereT85T1Tg(`)(a/h)d. Thus, each successively thin
ner film in the regime 25,h,50 nm is at a higher effective
temperatureT8(h) above the glass transition. Larger effe
tive mobilities are consistent with conditions of higher effe
tive temperatures above the glass transition.

In order to be consistent with Eq.~2!, we performed a
similar analysis for the thickness dependence of the visco

h~h!2h~`!

h~`!
52KS a

h D d

, ~3!

wherea andd are the same as those used to fit theTg data.
In this equation,K535 accounts for the fact that the de
crease in the viscosity with film thickness is considera
larger than that of the glass transition temperature. In view
the above considerations, the viscosity measured for
films in this paper is, therefore, an average viscosity and
fact that it decreases with decreasing film thickness refle
the dominant influence of the lower free surface viscos
Neutron scattering measurements of thin polymer films sh
evidence of a decrease in the entanglement density with
creasing film thickness, which would be consistent with
enhanced mobility with decreasing film thickness@6#.

These data further indicate thath(`);2.53108 P, which
is considerably larger than the bulk viscosity at this tempe
ture for this molecular weighth52.53105 P @50#. Some
time ago, the following equation was proposed by Red
et al. to describe the velocity of a liquid dewetting a su
strate assuming nonslip conditions, where the contact a
is small @52#:

Vg
nonslip5k~g/h!ue

3.

Shull and Karis later showed that the equation was g
erally applicable for larger contact angles and the angle
contact is expressed in degrees, thenk53.231028 ~deg!23

@53#. While this equation is generally not believed to be a
plicable to entangled long-chain polymers, that may unde
slip, it predicts a more reasonable value forh(`)
'93104 P. This value is smaller than the bulk value y
within a factor of 3 of it. The large discrepancy between t
two values ofh~`! extracted using Eqs.~1! and ~4! is sur-
prising. This may only be a minor problem with the prefa
tors in the equations. Nevertheless, experiments in which
interactions between the substrates and the polymers ca

h

6-3
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JEAN-LOUP MASSON AND PETER F. GREEN PHYSICAL REVIEW E65 031806
varied and further theory needs to be performed in orde
resolve these and related issues.

Since bothh andh are known, one might be tempted
use the WLF equation, or equivalently, the Vogel-Fulch
equation,

ln
h~T!

h~Tg!
5

c1
g~T2Tg!

c2
g1~T2Tg!

~4!

to calculate an effective viscosity for each film thickne
However, there are a number of complications that disco
age this approach. The constantsc1 andc2 in the WLF equa-
tion though largely empirical, are believed to constants,
sociated with the material@50#. These constants can also b
defined in terms of the fractional free volume of the bu
material. In thin films, the packing of chain segments a
substrate will be different from those at the free surface
from those in the bulk. Moreover, the segmental mobility
chains at the free surface is higher than that at the subst
Consequently, neitherTg , c1 , nor c2 remain inherent ‘‘ma-
terial’’ constants under these conditions, they depend on
thickness and on the substrate-polymer pair.

We now discuss possible effects of shear rate on the
cosities determined in this study. Some time ago, Dalno
Veresset al.examined the viscosities of freely standing film
in the thickness range 100–400 nm by monitoring
growth of holes using optical microscopy@21#. They re-
ported a decrease in mobility of the films and a strong sh
rate dependence of the magnitude of their measured visc
ties. This shear-rate effect is not present in our system, a
show below. Graessley@51# proposed that the influence o
shear rate might be evaluated by calculating a dimension
strain rate parameter

b5
h0M̄wġ

rRT
. ~5!

In this equationh0 is the zero shear viscosity,ġ is the shear
rate,r is the density,T is the temperature,R is the universal
gas constant, andMw is the weight average molecula
weight. If b,10, then shear-rate effects are not importa
and the viscosity is representative of a low shear-rate vis
ity. We can calculate the shear rate in our experiments u
the expression,

ġ5
s

h
5

S

hh
. ~6!

This equation can be expressed in terms of the velocity
hole growth,ġ5Vg /(bh)1/2 usingVg5S/h(b/h)1/2 @27,32#.
In our experiments, for an average velocity ofVg
50.028 37mm/s was determined for films ofh540 nm and
an average Vg50.1006mm/s was determined forh
527 nm. The corresponding values ofġ are ġ4053.39
31022 and ġ2750.146 s21, respectively. These values ofġ
enable us to determine typical values ofb, using Eq.~6!, in
our experiment. With M /(rRT)53.4831026 s/P for r
51010 kg/m3, M5130 kg/mol andT5443 K, b(h540)
03180
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54.9231024 andb(h527)52.1231023 both of which are
considerably less than 10. Therefore based on these cal
tions, there is no shear-rate effect on our estimates of
viscosities in our system. Dalnoki-Veress calculated val
of b that were considerably larger than ours, ranging fro
'40–1500. Such large values are due largely to the fact
while their shear rates were comparable to ours, their exp
ments were conducted at 115 °C where their viscosities
many orders of magnitude larger than the viscosities in
study.

Our results can be addressed briefly in light of studies
chain dynamics near surfaces. Confinement can induc
slowing down of the dynamics@11#. In sufficiently thin films,
the longest relaxation timetR of chains in thin layers can
increase considerably over that of the bulk due to monom
monomer interactions. This could lead to a larger effect
viscosity,h}tR than in the bulk. In bulk systems, the rep
tation model predicts that the viscosityh}N3 in the absence
of monomer-monomer interactions. According to Semen
@9#, when the layer thickness is less than the radius of gy
tion of the chain, segmental motions should be hindered
large potential barriersU due to monomer-monomer interac
tions in confined layers, soh}N3 exp(U). This effective bar-
rier to chain motion isU}h22. These results clearly indicat
that the viscosity should increase, or equivalently, the ch
diffusion should slow down, in films that are sufficiently th
if U.0. It further suggests that near an interacting surfa
the dynamics should be slow. However, one must be c
tioned that in our study, the dynamics are driven by an
ternal driving force resulting in the lateral diffusion of th
chains, on a noninteracting surface,S,0. In this regard the
Semenov predictions cannot be directly compared with
experiments. Our results are more credibly rationalized
terms of the same phenomena that are responsible
changes in the apparent glass transition in the PS/SiOx /Si
system. The chain segments within a layer at the free sur
have a much higher mobility than other chains in the syste
Consequently, as the film becomes thinner, the effective
bility of the overall system increases, leading to a decreas
the viscosity with decreasingh.

CONCLUSION

In this paper we showed, using an indirect method, t
the low-shear effective viscosity of entangled polystyre
thin films on SiOx /Si substrates decreased appreciably w
decreasing film thickness. The method is based on the
that thin polymer films may rupture via the formation
holes that subsequently grow on the substrate. The large
crease in the velocity of hole growth with decreasingh is
consistent with a decreasing viscosity with decreasing fi
thickness for 25,h,50 nm. This observation can be ratio
nalized as follows. Since chain segments within a layer at
free surface have a much higher mobility than other chain
the system, then as the film becomes thinner, the effec
mobility of the overall system increases, leading to a d
crease in the viscosity with decreasing film thickness. In t
regard, the same phenomena believed to be responsibl
the apparent decrease of the glass transition with decrea
6-4
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film thickness in this system also influences the viscosity.
note, however, that depending on the substrate polymer
such trends are not expected to be general. If interact
between the polymer and substrate can be controlled sys
atically, then the variation ofh with h, could be examined in
further detail in other systems.
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