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Viscosity of entangled polystyrene thin film melts: Film thickness dependence
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We determined the low-shear effective viscosityeotangledpolystyrene thin film melts, in the thickness
range of 2 h<100 nm, on SiQ/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 interactiongdewetting. 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 transidangied
polystyrene thin film melts on SidSi substrates exhibit an apparent decrease with decreasing film thickness
over the same range of
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INTRODUCTION We determined, indirectly, a film thickness dependence of
the low-sheakeffectiveviscosity of thin polystyrene films in

Structure and dynamics at polymer surfaces and in thithe thickness range 25h<<75 nm. We used a method based
polymer films can differ substantially from the bUlk—25). on the premise that thin polymer films on surfaces can be-
It is well understood that chain segments in the vicinity ofcome unstable and rupture, thereby creating hi22€s-47.
the free surface are more mobile than those in underlyindg he growth rate of the holes, within the experimental regime
layers [2,7,8. On the other hand, chain segments at theof interest to us in this paper, is determined by a balance
polymer/substrate interface are less mobile than chains iRetween the capillary driving forces and viscous resistive
upper layers, particularly in the presence of a strongly interforces. The viscosities determined from these measurements
acting substratg15—17. In fact, highly confined chains ex- are influenced largely by the lateral translational dynamics of
hibit anisotropic segmental mobility in thin films. For ex- the chains on the substrate.
ample, experiments reveal that the segmental mobility
normal to the surface decreases while the mobility parallel to EXPERIMENTAL SECTION
the surface increas¢42,15,16,24 In thin films, changes in
properties such as the glass transition, chain diffusion, and The samples were prepared by spin coating solutions of
the viscosity can be manifestations of the polymer-substratépluene and polystyrene of molecular weighi,,
polymer-surface interactions, and confinement effects. These 130 kg/mol M,,/M,=<1.06) onto silicon substrates. The
issues are far from understood and they present new chaglass transition temperature of high molecular weight poly-
lenges for which new rules must be developed. styrene(PS is 100 °C. The substrates had native Si@yers

In this paper we are primarily concerned with the mannerof 2 nm, as measured by spectroscopic ellipsometry. Hereaf-
in which the viscosityy of thin films varies with film thick-  ter we identify this as the PS/S{@5i system. The thickness
nessh. Few measurements of the film thickness dependencef the polystyrene films, ranging from 25 to 102 nm, was
of 7 exist. Surface force measurements of the viscosity ofneasured by spectroscopic ellipsometry as well as by atomic
polystyrene films, for example, indicate thatncreases with ~ force microscopyAFM). AFM was also used to ensure that
decreasing film thickness when the distances of separatidie surfaces of the films were smooth after preparation and
are of the order of nanometers to a few tens of nanometerthat rupturing occurred during annealing. The system was
apart[25]. The increase of the viscosity with decreasing film subsequently annealed for various times at 170°C in a
thickness would appear to be at odds with the decrea$g in vacuum oven. Successive images of the same regions of the
reported by a large body of researchgfd7—-23. However, samples, quenched to room temperature, were taken at peri-
in the surface force experiments, both interfaces of the filnodic intervals using AFM.
are constrained by hard substrates. As a result, these mea-
surements do not provide meaningful information about the
more common, asymmetric situation where one of the inter-
faces is a free surface. Clearly, the nature of the interactions For films thicker than 74 nm local depressions, or
of the polymer chains at the interfaces in these tribologicatlimples, developed at locations throughout the film. These
measurements would be important, particularly when the disdepressions increased in depth but did not impinge on the
tance of separation was of the order of nanometers or tens slurface even after days of annealing. When the films were in
nanometers. In light of the influence of interfacial interac-the thickness range 27h<74 nm, cylindrical holes(ex-
tions on the mobility of chains near constrained interfaces vposed substrat@ppeared throughout the film, Fig. 1, after a
unconstrained interface$ree surfaces the behavior of the few minutes of annealing. An AFM line scan of a typical
symmetric and asymmetric cases should be different. hole is shown in Fig. 2. We note that while the hole radius

RESULTS AND DISCUSSION
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ously become amplified when the disjoining presslire
—dAG/oh>0. While the driving force for this process is the
disjoining pressure, a Laplace pressure, associated with the
surface tensiory and the local radius of curvature, attempts
to dampen the fluctuations. If the disjoining pressure is more
dominant than the Laplace pressure, then fluctuations can
subsequently grow and impinge on the substrate, creating
different patterns, reflecting fluctuations in the local film
thickness. Depending on the curvature of the free energy
with film thickness, spinodal patteri$3,38,4Q or holes
[29,30,38 have been observed.

Rupturing of thin films may also occur due to the pres-
ence of defects. Here local gradients in interfacial tension
occur in the presence of impurities close to the surface of the
film. These gradients in interfacial tension generate a local
. Y flow that leads to the formation of local depressions
Helght — T (dimples in the film. If the local thickness of the film de-

2001 h creases below a certain value, the energy barrier for the for-
. mation of a hole is overcome, resulting in this heterogeneous
0 5 10 T 15 20 pm nucleation process. This happens wt’y?n(;d2 (d is the depth

of the local depressignis comparable tkgT, kg is the
Boltzmann constant and the temperaturd26,47. This
nucleation eventformation of dimplesis not dependent on
FIG. 1. Atypical AFM image of a sample, accompanied by line the original film thickness. Local depressions nucleate ran-
scans. The radius of the hole is identified. domly throughout the substrate and if the film is sufficiently
thin, then rupturinghole formation occurs.
R(t) increased with time in each sample, the dynamic angle \When the depression impinges the substrate, creating a
of contactdy remained relatively constant during this stagehole, the driving force for hole growth is the spreading co-
and was smaller than the equilibrium contact angle, as exefficient S [32], where coefficient S= yg,— (ysp+ ¥p)
pected. whereys,, ¥sp, andyp, are the substrate/vacuum, substrate/
Generally, the rupture of thin films can be understoodpolymer, and polymer/vacuum interfacial tensions, respec-
based on the following. For sufficiently thin films, the excesstively. An unstable film will eventually form droplets on a
free energy of interaction can be expressed as combination gfibstrate provided th&<0. The hole growth ratd R/dt is
long- and short-range interactionsAG=—A/(127h?  constant when the capillary driving forces are balanced by
+ ¢(h) [34,41,46. The first term represents the van der the frictional (viscoug forces. During this stage, the dissipa-
Waals interaction between the liquid/vapor and liquid/tion of energy occurs primarily at the substrate/polymer in-
substrate interface andl(h) represents the potential associ- terface and a rim develops at the periphery of the hole, as
ated to the short-range interactiomsis the Hamaker con- chains accumulate there and the radius increasg32is
stant of the substrate/polymer/vacuum system. Thermal

Distance

fluctuations at the polymer/vacuum interface can spontane- || (b)Y
R(t) =R~ — n (t=to). (1)
n
10-}-"""'“I" T T T T T | bR A | T T T T .
- ;’,,,“m E In this equation, the timg, is the time that the hole impinges

pd ] on the substrate anR, is the hole radius at tim&,. The
o value of » in this equation corresponds to an average viscos-
<

ity of the film in the vicinity of the edge of the hole. The
slippage length ishb=aN%/N.2, wherea is the monomer
length[48,49 and N, is the number of monomers between
entanglements. Polystyrene of molecular weight 130 kg/mole
has a slippage lengthb=17.5um with a=3.10 % um, N
=1250, and\.= 183 (M= 19 kg/mol for P$. Equation(1)
is valid for (bh)Y><R<R,=b=17.5um, and forR>L,
wherelL is the rim width, which are always the case for the
conditions in our study. During the later stage whBreb,
Rxt?3 because the size of the riln increases I(=t*?),
thereby increasing the frictional resistance to growth, while
the driving force remains constant.

FIG. 2. The radii of the holes in each film were observed to  This paper is exclusively concerned with the time depen-
increase linearly with time for each film thickness. dence ofR(t) in linear growth regime of cylindrical holes

R-R,

(microns)

031806-2



THE VISCOSITY OF ENTANGLED POLYSTYRENE THIN . .. PHYSICAL REVIEW B5 031806

1. . . ——— on SiQ, exhibits an apparent decrease with decreasing film
' thicknesg4]. Keddie, Jones, and Cofy] proposed an em-
pirical equation to fit the decrease iy with decreasing
thickness.

T (s @

Tg(»)  \h/~
In sufficiently thick polystyrene films,T,()=373.8 K
[4,50] and the constantsy and & are, respectively,a
=3.2nm andé=1.8. Therefore, the effective temperature
above the glass transition changes fram Ty to T'—Tg,
whereT' =T+ Tg(oo)(a/h)ﬁ. Thus, each successively thin-
h(nm) ner film in the regime 25h<50 nm is at a higher effective
temperaturel’ (h) above the glass transition. Larger effec-
tive mobilities are consistent with conditions of higher effec-
tive temperatures above the glass transition.

In order to be consistent with Eq2), we performed a
similar analysis for the thickness dependence of the viscosity

FIG. 3. The velocity of growth is shown to increase much more
rapidly with film thickness than the~? for h<50 nm. The solid
line has a slope 0&% on this graph.

(27<h<74 nm) on the SiQ)J/Si substrates. Based on the
data in Fig. 2R(t) increases linearly with time. Second, the s
growth rateV,=dR/dt decreases with increasing film thick- n(h)—n(=) _ (3) 3)
ness, as shown in Fig. 3. In faclgoch*k, wherek>1/2 for 7() h/
the range of thicknes&<50 nm. Forh<50 nm, Vg in-
creases at a considerably faster rate than that predicted Ryhere and s are the same as those used to fit Thedata.
Eq. (1). Since the driving force for hole growtliis a con- | this equation,K =35 accounts for the fact that the de-
stant andb is constant, the discrepancy between the theoretrease in the viscosity with film thickness is considerably
ical prediction and our experimental result is reconciled byjarger than that of the glass transition temperature. In view of
the fact thatz decreases with decreasing thickness fior the above considerations, the viscosity measured for thin
<50 nm, as discussed in detail below. . films in this paper is, therefore, an average viscosity and the
The viscosity in these thin films can be estimated fromfact that it decreases with decreasing film thickness reflects
our data using Eq(1), n={(|S|b"?)/[V4(h)h'?]}, where  the dominant influence of the lower free surface viscosity.
b=17.5um and [S/=|y,[cos@)—1]=5.75mI/M (¥,  Neutron scattering measurements of thin polymer films show
=31.8 mJ/n and 6.=35° andfy="5.5° for this substrale  evidence of a decrease in the entanglement density with de-
The effective viscosities determined from our data are plotcreasing film thickness, which would be consistent with an
ted as a function of film thickness in Fig. 4, where they areenhanced mobility with decreasing film thickng6s.
shown to decrease monotonically with decreasing thickness These data further indicate tha¢)~2.5x 10° P, which
for 27<h<50 nm. is considerably larger than the bulk viscosity at this tempera-
The trends in these data are consistent with observationgre for this molecular weighty=2.5x 10° P [50]. Some
that T, of polystyrene films, in the same range of thicknesstime ago, the following equation was proposed by Redon
et al. to describe the velocity of a liquid dewetting a sub-
strate assuming nonslip conditions, where the contact angle

LI R S B R B B it B e S B B B

is small[52]:
1+ i —— 7
T ] Vg"”s"pz k(yl7)62.
“% : 4 Shull and Karis later showed that the equation was gen-
() i{ erally applicable for larger contact angles and the angle of

contact is expressed in degrees, then3.2x 108 (deg >
,E 1 [53]. While this equation is generally not believed to be ap-
] plicable to entangled long-chain polymers, that may undergo
o l,,.... slip, it predicts a more reasonable value fof(«)
20 3 4 50 60 70 80 90 ~9x10* P. This value is smaller than the bulk value yet
h (nm) within a factor of 3 of it. The large discrepancy between the
two values of7(>) extracted using Eq€1) and (4) is sur-
FIG. 4. The viscosity is shown to decrease appreciably withprising. This may only be a minor problem with the prefac-
decreasing film thickness. The data were fit using @gwith con-  tors in the equations. Nevertheless, experiments in which the
stants,6=1.8,A=3.2 nm, ancK = 35. interactions between the substrates and the polymers can be
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varied and further theory needs to be performed in order te=4.92<10 % and8(h=27)=2.12<10 2 both of which are

resolve these and related issues. considerably less than 10. Therefore based on these calcula-
Since bothz andh are known, one might be tempted to tions, there is no shear-rate effect on our estimates of the
use the WLF equation, or equivalently, the Vogel-Fulcherviscosities in our system. Dalnoki-Veress calculated values

equation, of B that were considerably larger than ours, ranging from
~40-1500. Such large values are due largely to the fact that

7(T) c‘{(T—Tg) while their shear rates were comparable to ours, their experi-

In (To) = I (T-Ty) (4)  ments were conducted at 115 °C where their viscosities are

7 e 2 g many orders of magnitude larger than the viscosities in our

to calculate an effective viscosity for each film thickness Stud- o .
However, there are a number of complications that discour- Qur results_ can be addressed bnefly in light of St?‘d'es of
age this approach. The constaatsandc, in the WLF equa- Cha”.] dynamics near surfgces. Confmelment can .|nduce a
tion though largely empirical, are believed to constants, asglowmg down of the_ dyn_amlc{ﬂl]. In §uff|_C|ent_Iy thin films,
sociated with the materigb0]. These constants can also be f[he longest rglaxatlon time, of chains in thin layers can
defined in terms of the fractional free volume of the bulk '"cr€as€é cpn&dergbly over that of the bulk due to monomer-
material. In thin films, the packing of chain segments at gmonomer mteractlon_s. This could lead to a larger effective
substrate will be different from those at the free surface and{!SCOSIY 7> 7 than in the bulk. In bulk systems, the repu-
from those in the bulk. Moreover, the segmental mobility oft&tion model predicts that the viscosigy<N* in the absence
chains at the free surface is higher than that at the substraf@f monomer-monomer interactions. According to Semenov
Consequently, neitheFy, ¢, nor ¢, remain inherent “ma- 9], when the layer thickness is less than the radius of gyra-

terial” constants under these conditions, they depend on filniion Of the chain, segmental motions should be hindered by
thickness and on the substrate-polymer pair. Igrge .potentl'al barrierdl due tosmonomer—monomgr interac-
We now discuss possible effects of shear rate on the vidions in confined layers, sgo<N" exp(). This effective bar-
cosities determined in this study. Some time ago, Dalnokifi€" to chain motion idJoch™ <. These results clearly indicate
Veresset al. examined the viscosities of freely standing films that the viscosity should increase, or equivalently, the chain
in the thickness range 100-400 nm by monitoring thediffusion should slow down, in films that are sufficiently thin
growth of holes using optical microscof2l]. They re- if U>0. It further suggests that near an interacting surface
ported a decrease in mobility of the films and a strong sheafl’® dynamics should be slow. However, one must be cau-
rate dependence of the magnitude of their measured viscodioned that in our study, the dynamics are driven by an ex-
ties. This shear-rate effect is not present in our system, as vJSm_a| driving f0ft_ie resu_ltmg in the lateral d_ﬂ‘fusmn of the
show below. Graessle}p1] proposed that the influence of chains, on a noninteracting surfa& 0. In this regard the

shear rate might be evaluated by calculating a dimensionless€menov predictions cannot be directly compared with our
strain rate parameter experiments. Our results are more credibly rationalized in

terms of the same phenomena that are responsible for

— . changes in the apparent glass transition in the PS/SO
- 7oMwYy (5)  System. The chain segments within a layer at the free surface
pRT have a much higher mobility than other chains in the system.
Consequently, as the film becomes thinner, the effective mo-

In this equationy, is the zero shear viscosity, is the shear pijity of the overall system increases, leading to a decrease in
rate, p is the densityT is the temperatureR is the universal  he viscosity with decreasini,

gas constant, and,, is the weight average molecular

weight. If 3<10, then shear-rate effects are not important,
and the viscosity is representative of a low shear-rate viscos- CONCLUSION
ity. We can calculate the shear rate in our experiments using
the expression,

In this paper we showed, using an indirect method, that
the low-shear effective viscosity of entangled polystyrene
thin films on SiQ/Si substrates decreased appreciably with

_o_S 6) decreasing film thickness. The method is based on the fact

n nyh' that thin polymer films may rupture via the formation of
holes that subsequently grow on the substrate. The large in-

This equation can be expressed in terms of the velocity ofrease in the velocity of hole growth with decreasimgs

hole growth,y=V,/(bh)"? usingVy=S/5(b/h)¥2[27,32.  consistent with a decreasing viscosity with decreasing film

In our experiments, for an average velocity of thickness for 25:h<50 nm. This observation can be ratio-

=0.028 37um/s was determined for films ¢f=40 nm and  nalized as follows. Since chain segments within a layer at the

an average Vy=0.1006um/s was determined forh  free surface have a much higher mobility than other chains in
=27 nm. The corresponding values of are y,=3.39 the system, then as the film becomes thinner, the effective

%10 2 and y,7=0.146 s 1, respectively. These values §f  mobility of the overall system increases, leading to a de-

enable us to determine typical values@fusing Eq.(6), in  crease in the viscosity with decreasing film thickness. In this

our experiment. WithM/(pRT)=3.48<10 % s/P for p regard, the same phenomena believed to be responsible for
=1010 kg/ni, M=130 kg/mol andT=443 K, B(h=40) the apparent decrease of the glass transition with decreasing

Y
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