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Viscoelastic dewetting of a polymer film on a liquid substrate Hugues Bodiguel and Christian Fretigny ESPCI, Laboratoire de Physico-Chimie des Polym`eres et des Milieux Dispers´es, CNRS UMR 7615, 10 rue Vauquelin, F-75231 Paris Cedex 05, France Received 11 October 2005 Published ... Abstract. The Dewetting of thin polymer films (60-300 nm) on a non-wettable liquid substrate has been studied in the vicinity of their glass transition temperature. In our experiment, we observe a global contraction of the film while its thickness remains uniform. We show that, in this case, the strain corresponds to simple extension , and we verify that it is linear with the stress applied by the surface tension. This allows direct measurement of the stress/strain response as a function of time, and thus permits the measurement of an effective compliance of the thin films. It is, however, difficult to obtain a complete viscoelastic characterization, as the short time response is highly dependant on the physical age of the sample. Experimental results underline the effects of residual stress and friction when dewetting is analyzed on rigid substrates. PACS. 68.60.-p Physical properties of thin films, nonelectronic – 61.41.+e Polymers, elastomers, and plastics – 68.55.-a Thin film structure and morphology – 83.60.Bc Linear viscoelasticity



1 Introduction Ultrathin polymer films have been widely studied for the past decade. Indeed, they are of great interest for technological as well as for fundamental reasons. Characterizing the properties of thin films may help to understand some features of confined materials and, in a larger scope, of the glassy state and the glass transition. Since the first observation of a reduction of the glass transition temperature (Tg ) by Keddie et al. [1], much experimental and theoretical work has been done on ultrathin polymer films, using a wide variety of techniques [2,3]. Depending on the techniques employed, results do not always confirm Tg reductions. Some recent results and considerations may explain these disagreements [4,5], and underline the complex nature of the phenomena involved. As an illustration, Tg reductions have been found to depend on the cooling rate [4]. It is thus of great interest to measure time dependant properties, to access the time spectrum of the material and to characterize the complex dynamics of these systems as a function of temperature. Mechanical properties, which reflect system dynamics, have been extensively used to investigate bulk polymer systems. These types of tests are additionally useful because they exhibit huge variations, and are thus easily measurable. These measurements have not yet been widely performed on ultrathin polymer films, mostly due to experimental difficulties. In fact, the use of local sensors, as in AFM based experiments, may affect the system properties [6]. As an alternative to local meCorrespondence to: [email protected]



chanical measurement, it is worthwhile mentioning a work recently reported by O’Connel and McKenna [7]. Dewetting has already been used to access mechanical properties [8–13], because the dewetting velocity of polymer films should reflect the properties of the material. Though understanding of the dewetting kinetics of highly viscoleastic films has made some progress [14], it involves complex phenomena such as friction, internal stress, and material nonlinearities. Observations of dewetting of ultraviscous or viscoelastic liquids began with the report from Debregeas et al., of hole opening in suspended PDMS thin films [15]. It was originally observed, and later fully explained [16,17], that the hole opens exponentially with time, while the film remains flat; no rim is observed. A rim is however predicted in the case of a supported film where friction with the substrate cannot be neglected [14,16]. In the rim formation regime, the kinetics are no longer exponential. These behaviors have been observed for polystyrene (PS) supported films [10,9] and for PS suspended films [8, 13]. Although the main features of the phenomena are understood, difficulties have been encountered in using these experiments to deduce the mechanical properties of thin films, in both cases of supported and suspended films. For supported films, both Masson and Green [9,10] and Reiter et al [11,12,18] found several dewetting regimes. However, these regimes do not fully confirm the theoretical predictions by Brochard et al [16]. The regimes identified by Masson and Green [9,10] seem to correspond to the model, but parameters such as viscosities do not fit bulk values. Results reported by Reiter and coworkers [11,
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12,18] reveal different behaviors and additional regimes, which may reflect the complexity of the phenomena involved in those experiments. The shape of the rim that forms when PS dewets on a substrate has been fully characterized and is highly asymetric with a very sharp edge [18]. This unusual shape has also been observed by Seemann et al [19], but the origin of this rim has been in debate for several years [14, 20–24]. Since it has became clear that viscoleasticity and friction with the substrate are essential to describe the phenomena [14, 24], it seems rather difficult to determine viscoelastic properties from these experiments. Therefore, avoiding friction with the substrate is certainly a great simplification. Suspended films present this advantage, and have been studied by Dalnoki-Veress et al [8], and by Xavier et al [13]. Both of them did not report any rim formation, as expected from the work of Brochard et al [15, 16]. At 115◦ , Dalnoki-Veress and coworkers observed an exponential growth of the holes, but an unusual nonlinear viscosity was needed to account for their results. Similar results have been obtained at various temperatures and with various molecular weights by Xavier and coworkers [13], who emphasize the role of viscoelasticity. These authors found a small dependence on molecular weight at low temperatures together with a large deviation from the bulk viscosity [13]. At high temperatures however, the measured viscosity recovers the bulk value and the bulk molecular weight dependence. These results confirm prior observations [12] of a very small dependance of the dynamics on molecular weight at several degrees above Tg . These issues underline the viscoelastic nature of the dewetting process close to Tg . Moreover, by considering standard values of the bulk modulus, Xavier et al pointed out that the elastic contribution to the dewetting velocity could not be neglected in the vicinity of Tg . Finally, the theoretical description of Reiter and coworker’s experiments proposed by Vilmin and Raphael [14] is based on a viscoelastic model. We may thus conclude that viscoelasticity seems to be essential in understanding the dewetting of polymers close to Tg , and that viscosity alone could not account for the observed dynamics. Recently, another feature of spin-cast polymer films have been discussed. Vilmin and Raphael succeeded in modeling the dewetting kinetics observed by Reiter and Damman by taking into account the residual stress in the film [14, 25]. This residual stress may arise from the non equilibrium nature of spin-cast polymer films [26]. Therefore annealing residual stress seems to be a necessary step if one wants to measure the intrinsic viscoleastic properties of polymer films from a dewetting experiment. By annealing the sample at a temperature far above Tg , if most of the relaxation modes are allowed, the material should reorganize to suppress the residual stress arising from spin coating. This process was not possible for the above-cited dewetting experiments on supported films, since the film is formed on the substrate which is used for the dewetting, so stress free results could not be determined.



In this article, we present a new experimental approach to viscoelastic dewetting, performed with films of thickness greater than 60 nm for which no Tg reductions are expected [27]. Films are prepared on a solid substrate and annealed. The films are then floated onto a liquid substrate and heated just above their glass transition temperature. Such a liquid substrate is used in order to avoid the friction effects that pose problems during dewetting of supported films. We studied the global deformation of the film. We have found that the strain occurring in the film corresponds to an uniaxial tension. Results presented here unambiguously show the viscoelastic nature of the dewetting of almost-glassy polymer films. These results allow a discussion of both the effect of annealing and of physical ageing on dewetting experiments that aids in understanding the difficulties encountered in conventional dewetting experiments.



2 Analysis We consider a thin film lying on the surface of a liquid bath. Because the thickness h of the film is very small compared to the planar dimensions, surface and interfacial forces acting on the film can be decribed by a normal stress σ on the lateral edge of the film. The intensity of this stress is σ = S/h [14], where S is the spreading parameter, given by S = γf +γf /l −γl . The terms γf and γl are the surface tensions of the film and liquid substrate, respectively, while γf /l is the interfacial tension of the film/liquid interface. As the viscosity of the film is typically 108 times the viscosity of the liquid bath, mechanical interaction with the substrate is neglected. Stress applied to the film can be described as the sum of an isotropic stress σ and a normal tensile stress −σ acting on the upper and lower side of the film. If we consider a viscoelastic film in the vicinity of Tg or above Tg , the film can be considered as incompressible except in the very short times. Since these times are not the focus of this article, we may neglect the effect of the hydrostatic pressure. Thus, considering a constant applied stress, the strain corresponds to that of uniaxial stretching: ²zz = ²0 , ²xx = ²yy = −²0 /2 and ²ij,i6=j = 0 (z direction is taken perpendicularly to the surface of the film). In the following, the strain ²(t) refers to ²zz . The strain can be experimentally determined from the measurement of the area A(t) of the film. We use the Hencky strain [28,29] defined as A0 h (t) = ln , (1) ² (t) = ln h0 A (t) where subscripts 0 denote initial values. Then, the area of the film is expected to reflect the polymer viscoelastic response to the interfacial stress. Several characteristics of this simple extension can easily be experimentally verified. Since the applied stress does not depend on the planar dimensions of the film, the relative area change should be independent of the initial area. Furthermore, the strain should be affine - at a
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given time, the shape of the film is expected to be homothetic to the initial one, and the thickness must remain uniform. Change of the planar shape or smoothing of the edge should only occur at a scale of the order of the film thickness, which is far below that observed. For the rather thick samples used for this study (h0 > 60nm) and the moderate strains (² < 0.15), the stressstrain response is expected to be linear. Because the variation of the thickness during a single experiment is very small, the corresponding variation of the applied stress, S/h, can be neglected (otherwise specified). We terefore expect the strain to scale with the inverse of the initial thickness.



3 Experimental details Polystyrene is used as received from Polymer Source, Inc, (Mw = 286 kg/mol, Polydispersity index: 1.06, as determined by exclusion chromatography in THF). Thin films of various thickness are spin-cast at 3500 rpm from dilute solutions of polystyrene in toluene onto freshly cleaved mica. Solutions of weight fractions ranging from 1% to 3% give films of thickness varying between 60 and 300 nm. Samples are then annealed at 405K for 8 days under vacuum, to remove solvent and the residual stresses arising from spin casting procedure. No dewetting of PS films is observed, in opposition to films spin casted on silicon wafers, as reported by several authors [30–32]. MullerBushbaum [33] pointed out that the spontaneous dewetting of PS films strongly depends on the surface cleaning procedures. Special care is taken to spin cast polystyrene solutions immediately after the mica substrates is cleaved. Additionally, the thermal history of the samples is accurately controlled. Except in the last part of the work presented here, samples are brought to room temperature at 0.5K/min and experiments were conducted within 10 days after annealing. Glycerol has been chosen for the liquid substrate because of its immiscibility with polystyrene, its high boiling point (553K) and its relatively high viscosity (1500 Pa.s at 293K). Using the Flory-Huggins equation for the Gibbs free energy of mixing [34], we estimate the equilibrium volume fraction for glycerol in PS to be on the order of 10−3 . This very small plasticization would lead, according to the free volume theory [35], to a Tg -reduction on the order of 0.5K. We therefore assume that solvent effects do not alter significantly our results. After annealing, films are cut into small pieces of about 5 mm2 before being floated onto pure water. They are then transferred successively onto two glycerol baths at room temperature in order to finally obtain films floating on pure glycerol. These films are next transferred onto a warm glycerol bath in a home-made oven, designed specifically for this application and schematized in figure 1. The very small thickness of the samples allows us to assume that thermal equilibrium of the film is achieved in less than one second after the transfer. Thus time zero could be set at this last transfer time with an accuracy of about



Fig. 1. Schematic representation of the home-made oven used for the experiment. Crosses represents the positions of the thermocouples used for the temperature regulation. The glycerol bath is inside a bain-marie regulated with the thermocouple T1. The air above the glycerol bath is heated by an air flow inside the glass lid of the oven. This heated air flow is regulated by the thermocouple T2. This double temperature regulation ensures a uniform temperature. The lid is inclined to improve observation.



1s. Special care has been taken to ensure a uniform temperature inside the oven; time and space variations of temperature are smaller than 0.5 K. Film thickness is measured by ellipsometry both on mica and on glycerol with an accuracy of ±1nm. It has been verified that the measured thickness values are identical within experimental error, before and after the floating procedure. Dewetting is monitored by measurements of the area of the sample. A standard digital color camera is used to acquire images of the film over time. The changing area of the film with time is determined by subsequent image analysis, with an accuracy of about 0.5%. By measuring the film thickness after different dewetting times together with the film area, it has been verified that the total volume of the film remains constant within experimental error (see Figure 2).



4 Results When the sample is deposited on a glycerol bath heated above the glass transition temperature of PS, its area decreases after a transitory regime. Its color gradually changes, indicating a modification of the film thickness (Figure 3). Before entering into a more detailed discussion of the viscoelastic response of the polymer to interfacial tension, we present experimental evidence of the state of uniaxial traction of the film .
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Fig. 2. Measured film thickness (ellipsometry) as a function of the thickness deduced form area measurements of the film, assuming volume conservation. Experimental points are plotted together with the complete correlation line. The temperature is 398K. The fact that the last point fall off the line remains unexplained.



Fig. 4. Profile of the edge of the film, measured by a tactile profilometer and by AFM (insert), after two hours of dewetting at 378K. Initial thickness was 225 nm.
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Fig. 3. Optical image of a polystyrene film on a glycerol bath at 378K after 1h of dewetting. The initial thickness was 150nm. Color uniformity ensures uniform thickness.



i) The color of the sample remains uniform during the experiment and no rim is observed [18, 19]. This is confirmed by atomic force microscopy imaging and tactile profilometry of the film edge (figure 4), when deposited on a rigid substrate after the experiment. ii) It is verified in Figure 5 that the strain as a function of time does not depend on the initial area. At a given time of dewetting, the relative change in the area is independent on the planar dimensions of the film, as is the case for a simple extension experiment. Likewise, the strain does not depend on the shape of the film. iii) As shown in figure 6, the global shape of the film is not altered during the contraction; the contour of the film remains homothetic to the initial shape. This observation is once again consistent with a simple extension-type deformation. It is verified that the strain/stress response is linear. Figure 7 shows measured strain as a function of time for different thicknesses. Two distincts parts of the curve are apparent. At very short times (t < 80s typically), the area was found to increase slightly by an amount of about 1.5%.
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Fig. 5. Strain as a function of time at 378 K for 101 nm films of various initial area but cut from the same sample.



Fig. 6. Analysis of the global shape of the film. Left: Film contours at t = 0 (outside) and at t = 1000s (inside), for a 70 nm film dewetting at 378K. Right: Superpositions of the two contours. The second contour dimensions have been multiplied by 1.0583 (this correspond to a strain of 11.3%). Excellent superposition of both contours proves homothetic deformation of the film.
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100 1000 Time (s) Fig. 7. Strain as a function of the dewetting time for different initial thicknesses (crosses: 280 nm, triangles: 117 nm, circles : 101 nm, squares: 58 nm). Temperature is 378.5 K
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100 1000 Time (s) Fig. 8. Reduced strain ²/h as a function of the dewetting time (same data as figure 7). All curves reduce into a master curve, showing a linear response to the applied stress.



This value is not thickness-dependant, as shown on figure 7, and can be attributed to the thermal dilatation of the film. With a temperature jump of 80K, and according to the linear expansion coefficient of glassy PS (8 · 10−5 [36]), the area increase should be about 1.3%, which is approximately what is observed. In that respect, the initial area of the film is taken to be the maximum of the area curve, but the precise value of the initial area does not have a strong influence on our results. After this transitory regime, the strain increases. This part of the curve is strongly thickness dependant and the strain clearly increases with decreasing thickness. Linearity of the strain as function of stress is verified in Figure 8, where the measured strain is multiplied by the film thickness. All curves reduce onto a master curve as expected from the analysis presented above, displaying the linearity of the viscoelastic response to the applied stress.



Viscoelasticity in the linear regime can be entirely described by the relaxation functions of the material [35]. Because we have verified that the strain response is linear with the applied stress, our results should reflect this relaxation function. At room temperature, the mechanical response to the applied stress is glasslike; strains are too small to be measurable. When the film is rapidly heated above Tg , relaxation times change to the order of experimental times, and one observes the response to the interfacial stress, as if it was applied at the temperature step. Since the stress is almost constant, the measured strain in the dewetting experiment is comparable to the extensional creep compliance D (t). Interpreting normalized strain curves shown on figure 8 as the creep compliance allows us to describe the different regimes. At short times, an almost linear response to the applied stress is observed, corresponding to the transition zone. At longer times, the rubbery plateau is reached and strain increases very slowly. The rubbery plateau of the extensional creep compliance De , for PS, is at about 2·10−6 Pa−1 [37]. The normalized value of strain h² at the plateau is about 8-10 nm as shown in figure 8. Since De = h²/|S|, we deduce from our result a spreading parameter on the order of 4-5mN/m. Although we could not directly measure the value of the spreading parameter with enough precision at this temperature, the above value lies in the expected range of typical spreading parameter values. Moreover, at room temperature, we measure a contact angle of 78◦ (±1◦ ) for glycerol on PS. Given the value of the PS and glycerol surface tensions (40.1mN/m and 63.4mN/m respectively), the measured contact angle value leads to a spreading parameter of 3.6mN/m (±1). Since the variations of the spreading parameter with temperature are expected to be small, the extrapolations of this value to the experimental temperatures should be in good agreement with the value estimated from the rubbury plateau measurement. Figure 9 shows a dewetting result obtain at a higher temperature, which allows access to the creep compliance at longer times. We see a clear inflexion at long times corresponding to the beginning of flow. After this, strain increases rapidly. In this regime, the high strain values reached do not allow the approximation of a constant stress. The thickness variation can not be neglected in this case. As detailed in Appendix A, we can correct the measured strain to obtain the creep compliance. In Figure 9 the measured strain is plotted with the corrected strain, ²˜ (t), which would be the strain response to a constant stress, as calculated in the appendix. The corrected strain increases linearly at long times as expected for a usual flow as D(t) ' t/η0 , where η0 is the extensional steady state viscosity [35]. The slope of the corrected strain at long times is a measurement of the strain rate ( ²˜˙ = 8.3·10−5 s−1 on figure 9), and allows an independent estimation of the spreading parameter. In effect, ²˜˙ = σ0 /η0 = |S|/h0 η0 .
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Fig. 9. Strain response of a 72 nm PS film at 403K. The circles are the experimental points and the thick solid line represents the corrected strain ²˜ (t) (details of the calculations are given in Appendix A). The thin solid line is the linear extrapolation of the strain at long times ( ² = 8.3 · 10−5 t). In insert are plotted the same data in linear-linear plot.



With a bulk value of 820 MPa.s for the extensional viscosity [38, 39] (η0 = 3η0 ), η0 being the zero shear viscosity), we find a value of 4.9 mJ/m2 for the spreading parameter. This value is in good agreement with the previous estimation obtained from the strain value at the plateau. According to the results of reference [38], the small strain rate measured lies in the linear regime. A detailed study of the flow regime will be the concern of a later communication. Although viscosity and rubbery plateau measurements need the estimation of the spreading parameter, our measurements allow the direct determination of the reptation time τd . Indeed, according to the Doi-Edwards model [40], the reptation time could be estimated from the rubbery plateau and viscosity independently of the stress level, since τd ∼ η0 De . We find using this formula a reptation time on the order of 1600s. This value is in good agreement with mechanical bulk measurements [41]. Although the linear viscoelastic response measured in the dewetting experiment described here reveals the essential features of the creep compliance with a good numerical agreement for both plateau modulus and viscosity values, a direct comparison with bulk creep compliance in the transition zone is not relevant. As detailed in the next section, the temperature jump from the glassy state induces a structural relaxation process which cannot be separated from the viscoelastic relaxation. 5.2 Role of thermal history The effective creep compliance that is measured is the result of a temperature jump from the glassy state. To test the influence of this jump, two series of films with different



Fig. 10. Normalized strain h² as a function of the dewetting time for different thermal histories. Initial thickness is 70 nm (± 2 nm) for all films. Two thermal histories are tested. The samples are quenched from 403K to 298K (triangles) or cooled at 0.5K/min (circles). Dewetting is achieved either at 378K (full symbols) or at 374 K (open symbols)



thermal histories after annealing have been prepared. One of these undergoes a slow cooling at 0.5K/min while the other is quenched to room temperature. These films are referred as ’old’ and ’young’, respectively. The results are presented on Figure 10. As shown in this figure, the strain response of the young film is faster than the corresponding response of the old film. We can thus conclude that thermal history strongly affects the effective creep compliance that is measured. In the following section, we discuss this observation and its consequences. If the film was at equilibrium just after the jump, this strain response would have been proportional to the creep compliance of the system, as detailed in the previous sections. Considering that glassy state is inherently not at equilibrium, and that its relaxation times are very large, bringing the material up to Tg very quickly is a non equilibrium path. In effect, time is required after the up-jump, for the system to reach its equilibrium structure. Such a behavior is known in the literature as structural recovery, or physical ageing, and has been the focus of numerous studies. General review of this phenomenon are given in references [42] and [43]. In the following, we differentiate structural recovery times, which are the times that governs the way the system reaches its equilibrium structure, and relaxation times, which are the isothermal times associated with a given structure. The relaxation times coincide to the equilibrium characteristic times of the system, only when the structure of the material correspond to the equilibrium structure. The viscoelastic response to the temperature jump that is measured in our dewetting experiment should depend on the state (or physical age) of the material just before the jump, since the film reaches its equilibrium structure during the creep. The thermal history of the sample determines its initial state. In the background of physical
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5.3 Effect of annealing In Figure 11, we show dewetting results obtained from films that have been annealed at 403K with different annealing times. All the films tested were of similar initial thickness (135 nm, ± 2 nm). The value of the strain at the plateau clearly decreases when the annealing time increases. This decrease indicates that an additional stress acts on the film when it is not completely annealed. That
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ageing studies [44], the quenched films are younger than the slow-cooled ones; their relaxation times are smaller. Thus, after an up-jump, equilibrium should be reached more rapidly for young materials. This is coherent with our observation, as the young sample dewets faster than teh old sample. It is of some interest to compare in detail the shape of the effective compliance that are shown in Figure 10. For the old films, a dilatation is observed at short times. This dilatation has already been attributed to the thermal expansion of the film due the temperature jump (see section 4). This expansion is not observed with the young films and should have occurred during the first few seconds of the experiment. This is consistent with volume recovery predictions, since this recovery is much faster for a young material than for an old one. We could also mention that the expansion rate for the old films is shorter at 378K than at 374K, which is also expected since equilibrium times at 378K are shorter than those at 374K. At very long times, the time shift bewteen the strain responses decreases. This is expected since once the equilibrium is reached, the viscolelastic properties no longer depend on the thermal history. However, the effective compliances of the old and young films do not simply differ by a time constant, which would be the case if the strain response starts after the equilibrium is reached. We thus deduce from our observations that equilibrium is reached during the strain response. Thus, structural recovery and equilibrium properties are mixed in our experiment. In the transition zone, and for a given thermal history, the effective creep compliance variations with temperature could be accounted by rescaling the time scales. For the data presented in Figure 10, we find a shift factor of 7 between 374K and 378K. At equilibrium, shift factors follow William-Landel-Ferry (WLF) law [35]. Using the WLF parameters for PS obtained by Plazeck [37] for the creep compliance in the transition zone, the equilibrium shift factor between 374K and 378K is 15. Here again, the disagreement can be explained by the fact that the measurement does not take place at equilibrium, and mixes equilibrium relaxation times and structural recovery times. In consequence, the time scale of the effective creep compliance that we measure could not be directly compared to the equilibrium compliance. At long times however, equilibrium is reached, and the strain response measured could be directly interpreted as a creep compliance. This allows measurements of the rubbery plateau and of the viscosity values.
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Fig. 11. Strain response of 135 nm films at 378K. The annealing time has been varied from 0 to 195 hours.



stress may be considered as a residual stress, due to the fabrication process. As emphasized by Reiter and De Gennes [26], the films are under a huge shear stress during the spin casting and becomes glassy very rapidly. Residual stress in spincast polymer films had been recently envisaged by Vilmin et al. and Reiter et al. [14,25]. They interpreted dewetting results by introducing an additional stress in their model. Here, the effect of the residual stress is directly observed. From the results presented in Figure 11, we can estimate the residual stress. The actual stress that acts on the film is σr + |S|/h, where σr is the residual stress. The strain value at the plateau for a non-annealed film is about 10 times that of a completely annealed film. This leads to a residual stress on the order of 105 Pa. This stress tends to contract the planar dimensions of the film. A microscopic picture of that macroscopic observation may be drawn by assuming that after the spin casting, polymer chains are stretched in the planar directions of the film. This may be due to high vertical shear rates during the spin casting process. Annealing the sample above Tg should allow structural relaxation and therefore should suppress this residual stress. This relaxation should involve the global time spectrum of the system, but the vanishing of the residual stress probably need a reptation process. After one hour of annealing, we find that most of the residual stress has been removed. However, it then decreases very slowly, with a surprisingly high characteristic time (several tens of hours), comparatively to the reptation time at the annealing temperature (around 30 minutes). This unusual slow relaxation mode for a supported PS film may be similar to the one observed by Kanaya et al [45]. We can conclude from our results that residual stress in thin polymer films cannot generally be neglected, and that its annealing may be particularly slow. Long annealing procedures may thus be preferable. The dewetting experiments that have been reported to this point did not use such long annealing procedures. For
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supported films, dewetting is studied during the annealing; the experiments reported by Masson et al [10, 9] and Reiter et al [11,12] focus mainly on residual stress relaxation. For suspended films, both reported series of experiments used relatively short annealing times at lower temperatures, 12 h at 383K and 30 min at 373K for Dalnoki-Veress et al [8] and Xavier et al [13], respectively. Thus residual stress is probably not removed and may have affected their results.
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5.4 Rim formation PS thin films exhibit a rim when dewetting from a solid substrate. [11, 18, 19]. This rim has been found to be very asymmetric. The mechanism for the rim formation has been in debate for several years [20–24]. In particular, a non linearity of the mechanical properties has been proposed [20–22]. Though a clear consensus has not yet emerged on its origin, a recent paper introduces a new approach of this problem, taking into account both viscoelasticity and friction with the substrate [14]. Friction force may be responsible for the rim formation of very viscous thin films. In our dewetting experiments, we do not see any rim formation, when the temperature is homogeneous near the sample and for the tested range of thickness. This remains true at very long times or at higher temperatures than those presented in this article. This has been verified with a tactile profiler, with AFM measurements (see figure 4) and with color uniformity (see Figure 3). This observation is in agreement with all reported experiments concerning hole openings in suspended films [8, 13, 15] and was predicted earlier by Brochard et al [16]. Thus, we conclude that rim formation cannot be due to intrinsic mechanical properties of the film, in opposition to some of the proposed theory [20–22]. We observe, however, a rim when a temperature asymmetry exists between both faces of the film. When the oven is open, a strong temperature gradient appears at the liquid surface. In this case, when the temperature of the bath is set to 383K, we measured a temperature of 340K just above the liquid. Under these conditions an asymmetric rim appears at long times (typically several tens of minutes) and a color change can be seen near the edge of the sample. Figure 12 displays the profile of the rim, which looks very similar to the rims reported by Reiter et al [18]. Since the temperature gradient is apparently the only difference between that experiment and the previous ones, it is likely that this gradient is responsible for the formation of the rim, in that particular case. We might interpret this observation by considering that the strong temperature gradient cause a viscosity gradient along the film thickness. It might indicates that an asymetry between the two faces of the film can cause the formation of a rim. Such an asymetry is typically encountered when dewetting from a rigid substrate, due to friction effect. Thus, our results may confirm the role of friction in the dewetting from solid substrate.
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lateral displacement (µm) Fig. 12. Profile of the edge of the film, measured by a tactile profilometer after two hours of dewetting. Several profiles obtained at different locations of the film are plotted together. Initial thickness is 130 nm. The oven was open, making the temperature within the film nonuniform.



6 Conclusion In this article we have presented dewetting experiments on thin polymer films, using a liquid substrate and studying the global dewetting of the film. We showed that the strains correspond to those of a simple extension, and that they are linear with the stress applied by interfacial tensions. The measured time-dependant strain corresponds to an effective creep compliance. This experiment should thus be particularly suitable for a mechanical characterization of ultrathin films, since it is sensitive to the global time spectrum of the material. A systematic study of ultrathin films of thickness below several tens of nanometer will be the subject of a separate report. Results presented here show that the short time response close to Tg is very sensitive to the thermal history of the material. This short time response reveals the state of the material just before the temperature jump. Thus, this could be used to characterize the physical ageing of ultrathin films. Compared to more classic dewetting experiments of thin films on solid substrates, these experiments emphasize the viscoelastic nature of dewetting close to Tg and bring new insights into the effect of friction and on the importance of internal stress. We conclude from the absence of a rim in our experiments that rim formation cannot be due to the intrinsic properties of the film, but, when observed on rigid substrate, it is probably due to friction effects. Since our procedure allows for annealing of the films, we could verify that residual stress plays an important part in the dewetting of non-annealed films, and found an unusual slow relaxation process occurring during annealing.
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Appendix A When strain is on the order of unity, the stress S/h can not be considered a constant, since the thickness h evolves during the experiment. The effective creep compliance, D(t), is not proportional to the measured strain, but can be computed according to the following strain response [35]: Z t dσ (t0 ) 0 ² (t) = D (t − t0 ) dt , (2) dt0 −∞ where (for a Hencky strain) : σ (t) = H (t) σ0 exp (−² (t)) .



(3)



Here, H (t) is the Heavyside function and σ0 is the initial stress (σ0 = |S|/h0 ). Knowing the global function ² (t), the creep compliance is then solution to the following integral equation: · ¸ Z t d² (t0 ) 0 0 ² (t) = σ0 D (t) − exp (−² (t )) dt . D (t − t0 ) dt0 0 (4) This equation can be solved numerically, using the discrete set of experimental points ² [i] and its derivative ∆² [i]. The calculation is computed according to the following :   X 1  D [i] = ² [i] + D [i − j] ∆² [j] exp (−² [j]) . (5) σ0 j 
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