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Data from various experiments suggest that the mechanical
properties of thin polymer films depend, in a complex manner, on
the film preparation process, in conjunction with interfacial
interactions. In this paper, we discuss how and why interfacial
interactions can affect the shear mechanical properties of spin-
coated polymer films. For example, confinement effects due to the
spin coating process have been observed to exceed the nearest
neighbor interaction distances by one order of magnitude. We
introduce shear modulation scanning probe microscopy (SPM) as a
technique to measure local shear property changes in thin polymer
films as a function of temperature. Comparisons with bulk and
lateral force measurements demonstrate the reliability of the
technique. Using the shear modulation SPM, we observe a
molecular weight dependence on the bulk glass transition.
Measurements taken on polystyrene surfaces of various film
thickness provide insight into how the glass transition of films are
affected by substrate confinement.
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Introduction

Although bulk properties of polymers have been studied extensively, many
properties of thin films, specifically the glass transition temperature, T, are not as
well understood. The T, of amorphous polymers is an important parameter in
determining if a polymer can be used in a particular application. Below T, an
amorphous polymer takes on the characteristics of a glass becoming hard, stiff, and
brittle. Above T, extensive molecular motions soften the polymer, which then
behaves like rubber. For bulk polymers, T, is primarily measured either by differential
thermal analysis (DTA) or differential scanning calorimetry (DSC). However, for thin
films, the amount of polymer in the film is insufficient to obtain reliable results. In
recent years, the Ty of thin polymer films, ranging in thickness from several to
thousands of nanometers, has been successfully studied using a variety of
experimental techniques. A collection of these techniques is listed in Table 1 along
with the phenomena measured.

Table 1. Ultrathin Polymer Glass Transition Temperature Techniques

Volume Expansion
Ellipsometry (1-3)
X-Ray Reflectivity (4,5)
Positron Annihilation Lifetime Spectroscopy 6,7)
Brillouin Light Scattering (8,9)
Optical Reflectance (10)
Acoustic Wave Spectroscopy (11)
Segmental Mobility
Probe Diffusion (12, 13)
Excimer Recombination (14)
Viscoelasticity
Scanning Force Microscopy (15-20)

Experimental results obtained with the techniques, listed in table 1, on similar
systems (such as polystyrene with comparable molecular weights) have been found to
be inconsistent. Although there is agreement that near the substrate interface, the
value of Ty is shifted from the bulk due to confinement and size effects, there is
evident contradiction in the direction of the shift. Problems such as local density
variations normal to the interface, interfacial roughness, and film imperfections due to
partial dewetting are listed as potential causes for these contradicting interpretations
(21).

To minimize effects of film inhomogeneities, we proposed local scale
measurements. The tool of choice is scanning probe microscopy (SPM) by virtue of
its high spatial resolution. A variety of SPM approaches are available in order to
probe the temperature dependence and a list of these modes include:



Phase Lag Method. The phase lag between a small sinusoidal perturbation
(applied normally to the sample surface) and the cantilever response is recorded. Ty is
determined as the onset of change in the phase lag (15-17).

Stiffness Method. The stiffness of the polymer surface is determined by force vs.
displacement curves. Very stiff cantilevers are used, and Ty is defined as the
temperature where a change occurs in the slope of the force-displacement curve (18,
19).

Lateral Force Rate Method. The sample is scanned at low load and the lateral
force is measured as function of the scan rate at a fixed temperature. Below T, the
lateral force is expected to be independent of the scan velocity. T, is defined as the
temperature at which the onset of rate dependence is observed (16, 17, 20).

Lateral Force Method. Lateral forces are obtained at low scan velocity while the
temperature is increased. T, is determined as the increase in the lateral force or
friction coefficient (19).

In several SPM studies, a Tq higher than the bulk value was observed, even for
very thick bulk-like films. It has been suggested that the pressure the tip exerts on the
surface could be interpreted as a hydrostatic pressure (22). At a macroscopic level, it
is well known that T, linearly increases with increasing hydrostatic pressure
(0.3 K/MPa for polystyrene) (23). This is interpreted as the effect of subduing the
thermal expansion of the material, therefore limiting the formation of free-volume
necessary for the glass transition to take place.

In this paper, we will address the complex issue of the mechanical determination
of T, at surfaces of thick bulk-like, as well as interfacially confined ultrathin polymer
films. First, we will show that the pressure exerted by the tip does not affect the glass
transition. Then, we will introduce a novel contact mechanical technique to determine
the T, of thin films, shear modulation SPM. Finally we will present T results on
films where interfacial interactions, remaining stress and conformational changes,
formed during film preparation, alter the bulk T.

Experimental

Monodispersed polystyrene (PS) (M,, 3k to 6.5M M,/M,<1.1) (Aldrich
Chemical Company Inc. and Polymer Source, Inc) was spin cast on to silicon (100)
wafers from toluene solution. The solution concentration was varied to achieve
thicknesses ranging from 20 to 350 nm, as determined by ellipsometry (Rudolph,
AutoEL). The wafers were hydrogen passivated via HF etching prior to spin casting,
and samples were annealed under vacuum (< 400 mtorr) for 4 hours at 165 to 170 °C
prior to SPM experiments.

SPM measurements were conducted with a commercial instrument (Explorer,
Thermomicroscopes, Inc.) which was mounted onto a modified heating/cooling stage
(Model R2700-2, MMR Technologies). The stage, manufactured by MMR
Technologies, utilizes the Joule-Thompson effect to cool by gas expansion. Unlike
thermoelectric heaters, this stage is very stable over a wide range of temperatures



(230 to 425 K). Investigations were carried out in a nitrogen flooded dry box to avoid
strong capillary forces between the tip and sample. The humidity was maintained
around 5 %. Bar-shaped cantilevers were employed, with normal spring constants
ranging from 0.1 to 0.8 N/m.

Conventionally, the lateral force is obtained by taking the difference of the
average lateral force acting on the tip when scanning along two opposite directions
(divided by 2) (24). The tip was moved in the y direction at the end of each line in
order not to scan the same region twice. The scan length was 5 um at a speed of 5
pm/s. The results presented were obtained with positive loads only. (It was not
possible with the lateral force SPM method to perform T, measurements at negative
applied load.) The sample temperature in the lateral force studies was adjusted in
increments of 2 to 3K, and a waiting time of approximately ten minutes was
considered sufficient to stabilize the sample temperature.

In figure 1, a schematic of the operative principle for the shear modulation SPM
is shown. A sinusoidal signal is applied to the x-piezo inducing an oscillatory local
perturbation of the sample surface. The amplitude is chosen below the stick slip
threshold between the cantilever tip and sample. A force feedback loop is used to keep
the tip in contact with the sample surface. During the course of the entire T,
experiment, the tip response is measured using a dual phase lock-in amplifier (SR830,
Stanford Research Systems). The sample temperature is increased in stepwise
increments of 0.5 to 1 K per minute over a temperature range from 300 to 410 K. The
rate with which the temperature is changed guarantees sample thermal equilibrium.
The sample response is recorded at the end of each period before the next incremental
temperature step was initiated.
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Figure 1. Schematics of the stationary shear modulation SPM. An externally applied
lateral displacement, Axn.g, Causes a shear response, Ax,, within the tip sample
junction which is counteracted by the cantilever motion, Ax,. Here,
MXinog = AX+AX, .



Results and Discussion

First, we will discuss the effect of pressure exerted by the tip on the measurement
of Ty and the implications of an applied hydrostatic pressure. Assuming a Hertzian
contact between the tip and sample, the contact radius a is given by (25):

a3=3RL(1_V2), (1)
4E

where R is the radius of curvature for the tip, E the Young’s modulus of the sample, v
the Poisson’s ratio, and L the applied load. Below Ty, with L =12 nN and E = 3 GPa
(26), R =10 to 50 nm, the contact radius is equal to 3 to 5 nm. Assuming that the
induced strain cannot be laterally released, a hydrostatic pressure in the range of 0.2 to
0.5 GPa would result. It has been found for PS that the glass transition changes with a
hydrostatic pressure rate of 0.3 K/MPa (23) if we assume that the contact pressure
shows a similar effect as a hydrostatic pressure, then SPM contact experiments would
shift T4 significantly by 60 to150 K.

As the pressure exerted by the tip is localized and limited in time, a shift in T, due
to the applied load is not expected. The sample is typically scanned over several pm
with a scan rate of 0.5 Hz. Assuming values of 3 to 5nm and 30 to 80 nm? for the
contact radius and area, the volume affected would be equal to a cylinder that is 5
times the length of the contact radius with a volume, approximately, 450 to 2000 nm®
(25). Inour case, the radius of gyration Ry, is about 5 nm and the volume occupied by
one molecule isV = 4/3Tth3 =500 nm® (27). This leaves only 1 to 4 molecules in the
compression zone. Such a limited volume could not have such a dramatic effect over
the properties of the polymer. In fact, the contact radius is so small compared to the
scan length, the time of permanence over a specific area is only a few milliseconds per
cycle. For the rest of the scan cycle, the molecules are unconstrained and can relax. If
creep or thermal drift is taken into consideration, it is quite likely that the tip never
passes over the same molecule twice. Hence, the pressure exerted by the tip cannot be
considered hydrostatic. In addition, the lateral force is measured after the temperature
has stabilized (20, 22, 28-30). Therefore, under these isothermal conditions, the
polymer can be considered incompressible, i.e. it undergoes mechanical deformations
but its density and free volume remain constant.

In figure 2, we present plots of lateral force as a function of temperature for three
different loads. The results show an apparent transition temperature, T, which we
define as the intersection of two line fits, decreases with increasing applied load. At
high load (250 nN), T, is in good agreement with bulk Tg, but it is shifted to higher
values at an intermediate load, (80 nN). Strikingly, no T, is observed at low load,
(12 nN), where the lateral force remains constant over a wide range of temperatures
even above T,y These measurements follow our argument that the pressure exerted by
the tip does not effect the T, of polymer as a hydrostatic pressure. To further support
this statement, we also measured the effect of scan speed on the transition
temperature. Figure 3 shows a plot of lateral force as a function of temperature for
three scanning speeds. The scanning length was 5 pum and the applied load 15 nN. At
high speed (20 um/s) no transition was observed. At intermediate speeds, a transition
is observed at a T, higher than T,. Below a critical speed v, a T corresponding to T,



was determined. These results indicate that lateral force microscopy is very sensitive
to the scanning parameters.

If we consider the viscoelastic nature of the polymer films above T, equation 1 is
no longer valid and needs to be corrected as follows (25):

a(t)= 3RL, o (1) (2)

where t is time and ®(t) is the creep functlon derived from an appropriate viscoelastic
model. Assuming a steady creep (Maxwell) model, a’(t) takes the following form (25):

a(t)= 3RL° (— lt) 3)

where 7 is the viscosity. We can assume that the contact area below and at Ty is not
significantly affected by changes in the Young's Modulus, E. We expect, however,
that changes in viscosity alter the lateral forces significantly.

Considering the time dependence of our model, we define the time of tip
permanence over the contact area as ts, which is given by the ratio of the contact area
and scan velocity, vs.

=2 @)
VS
Below Ty, the time of relaxation exceeds the ts of our experiment. Therefore, the
contact area is dominated by the elastic component and becomes:
3RL, 1
3 - 0 = A3
a’(ty)= —=a (5)
( S ) 8 E (o

Above Ty, a(ts) is comparable to a, if
t, << 1 (6)
E

With this, we document the complexity of the tip-sample penetration while scanning.
Therefore, taking the onset of the penetration as a material property, i.e. the value of
Ty can be very misleading for friction measurements as experimentally confirmed.
This is in contrast to shear modulation measurements where the contact location is
fixed in space.
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Figure 2. Lateral force vs. Temperature. At three loads, 12 nN, 80 nN, and 250 nN,
the lateral force was measured as a function of temperature for PS (M, 22.2 k,
thickness = 100nm). Scan length and scan speed were 5um and 5 um/s,
respectively. At 12 nN, no transition was observed. At 80 nN, an apparent transition
was observed at 378 K, and at high load, 250 nN, a transition at 373 K was observed,
matching the bulk Tg.
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Figure 3. Lateral force vs. Temperature. The lateral force was measured as a
function of temperature for three different speeds at a constant load of 15 nN for PS
(M, 22.2 k, thickness = 100 nm). At high speed, 20 um/s, no transition is observed.
At intermediate speed, an apparent transition is observed at 378 K. At low speed, a
transition was observed at the bulk T,.



From our results, we can exclude any large hydrostatic pressure effects induced
by contact mechanical SPM approaches such as lateral force or shear modulation
methods. The lateral force method has strong potential for heterogeneous surfaces.
On homogeneous surfaces, however, the shear modulation mode is much more
reliable without the difficulties of calibrating the load and scan velocity dependence.
In figure 4, tip response vs. temperature measurements on thick (476 nm) PS (M,
90 k) films are presented for various loads. As the temperature is increased, we see a
distinct increase in the amplitude response. We identify T as the intersection between
the two line fits. The precision of the value is estimated to +2 K. At an applied load of
32.3nN, we see a transition at 374 K which corresponds well with the T, measured
for the bulk polymer (PS M,, 90 k) by DSC. However, for lower loads of 10.8 nN and
21.5 nN, we observe that the intersections do occur at higher temperatures. As with
force measurements, we observed apparent transitions for shear modulation SPM
measurements taken at lower loads due to unsteady contacts (e.g. partial slip).
However, the onset of change does occur at T, regardless of the applied load. At
higher load (= 30 nN), the transitions were not load dependent.

The reproducibility of the shear modulation SPM measurements is illustrated with
continuous shear measurements at constant applied (high) load, figure 5.
Measurements were taken on thick samples by continuous cycling of the temperature
above and below T,
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Figure 4. Shear Modulation SPM Amplitude vs. Temperature. Shear modulation
SPM measurements on PS (M,, 90 k, thickness = 476 nm) films are shown at various
loads, 32.3nN, 21.5nN, and 10.8 nN. Using straight line fits, the transition is
observed to change with increase load. Although the transition is slightly shifted, the
start of the transition is observed at the same point regardless of load (at 374 K).
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Figure 5. Ramped Shear Modulation SPM vs. Temperature. The reproducibility of
the modulated measurements is proven by ramping the temperature above and below
T, Half cycles shear modulation measurement were made on PS (M,, 90 k, thickness
=200 nm).

To test the capabilities of shear modulation SPM, we measured the dependence of
T4 on the molecular weight and compared the results with values for the bulk polymer
(31, 32). Relatively thick films (> 150 nm) were used to avoid any interfacial effects.
In figure 6, the T as a function of the number-averaged molecular weight is plotted.
The transition temperatures are plotted along with values reported in the literature for
DSC by Claudy et al (31) and electron spin resonance (ESR) by Kumler et al (32).
From figure 6, the T4 measured using the shear modulation SPM agrees well with bulk
values over a wide range of molecular weights (3.6 k to 6.5 M). The dependence of T,
on the molecular number follows the equation developed by Fox-Flory (33, 34),

K
T =T"- (7)
9 a, -a, M,

where Ty” is the glass temperature at infinite molecular weight, M, is the molecular
weight, K is a fitting constant, a, and ay are the cubic (volume) expansion coefficients
in the rubbery and glassy states (35). For our results, the values of Ty”, K, and (o -
ay) are 374 K (using the T, of 1.8 M and 6.5 M as T,”), 26.5 and 3.0 x 10 K™ (36).
As can be seen from figure 6, our data correlates well with literature values and the
general relationship developed by Fox and Flory.

The dependence of the bulk T4 on the molecular weight is explained as a free
volume effect of the polymer chain ends. For a low molecular weight polymer, there
are more chain ends per unit mass than for a high molecular weight polymer.
Therefore, less energy is required to achieve the same free volume as in a lower
molecular weight polymer (37). This implies that the value of T, should decrease with
decreasing molecular weight.
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Figure 6. Glass Transition vs. Molecular Weight. The T, of PS films
(thickness > 150 nm) is presented as a function of the number averaged molecular
weight. Results can be modeled using a Fox-Flory fit and corresponds well with DSC
(31) and ESR (32) measurements reported in literature.

After extensive investigations, we consistently observed that once the temperature
has reached T, the sample begins to soften and the tip sinks into the surface (creep).
At a constant temperature of 384 K (10 degrees above Tg), after thermal equilibrium
was obtained (30 minutes), a load was applied to a film of PS (M,, 6.5 M). A hole is
formed, which is 0.65 um in diameter, figure 7a. The time the cantilever was in
contact with the sample at constant load and temperature will be referred to as the
‘dwell time’. In figure 7a, the depression formed is approximately 42 nm at its
deepest point, figure 7b. The applied load was 149 nN and the dwell time was 2
minutes. Similar results were obtained at lower applied loads above Ty No plastic
deformation occurred at temperatures below T,. In figure 8, we show that data has a
trend well represented by an exponential function of the type:

6:60 +keil/a. (8)

where &, k, and a are 70, 55, and 3 respectively.
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Figure 7. Tip indentation. a) 2.41 x 2.41um’ image of a whole formed in the film by
tip indentation. A load of 149 nN was applied for 2 minutes. b) Line measure taken
at the center of the hole indicating a depth of 42 nm. Tip indentation measurements
were made on PS films (M,, 6.5 M, thickness = 350 nm).
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Figure 8. Hole Depth vs. Contact Time. Using an applied load of 149 nN, the sinking
process is measured as a function of time. The depth of the hole increased with time
in contact on PS (M,, 6.5 M, thickness = 350 nm).
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The local damage of a temperature half cycle was measured by cooling the
sample to room temperature and imaging the affected area. The shear modulation
measurement and the observed depression are presented in figures 9a, b. Line
measurements of the hole revealed that the depth of penetration is 150 nm at the
deepest point. Ellipsometry measurements of the sample estimate the thickness of the
sample as approximately 230 nm £ 5 nm. Comparing the two values, we are assured
that we do not reach the silicon substrate during our measurement, even after dwelling
on the surface for a long time at a temperature well above Ty Imaging after a
successive heating/cooling cycle, we observed that the polymer heals itself and
therefore have ruled out the possibility of hole formation by dewetting at the tip
sample interface.

With this information, we can interpret the load dependence of shear modulation
SPM measurements (figure 4). At low loads, the pressure under the tip is low, and the
tip sinks into the polymer very slowly. At high loads, the pressure under the tip is
significant and allows the tip to break through the polymer’s surface at Ty. At high
loads, the tip sinks more quickly into polymer.

From contact mechanics, the response amplitude is generally a measure of the
contact stiffness: the higher the contact stiffness the higher the response amplitude.
For a simple elastic contact with sphere-plane geometry, the lateral stiffness of
contact, ke, is given by:

k, =8aG 9)
with the shear modulus, G and the contact area, a.. Below Ty no plastic deformation is
observed, while above T, plastic deformation occurs. Therefore in amplitude
response curves, we should expect to see a decrease in amplitude response. According
to equation 7, above Ty, the contact area must increase significantly to overcome the
decrease in G. One possibility to explain an increasing contact stiffness is due to
pinning of the tip during the sinking process. As the tip sinks into the polymer, (figure
10) it is pinned by the surrounding material. The added energy required for movement
increases the amplitude response, therefore, we propose an additional time-dependent
term in the equation for the contact stiffness:
k. =8aG +®(n,t). (10)

Setting ® = 0 for T < Ty, we have a simple elastic contact below T and an added

time dependence viscous term, ®(n, t), above Tg.
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Figure 9. Shear Modulation SPM Amplitude vs. Temperature. a) A typical shear
modulated measurement is shown on PS (M, 6.5 M, thickness = 230 nm). b) The
corresponding depression left by the tip after the measurement is presented. The hole
is 150 nm at its deepest point. The image shown is a 6.78 x 6.78 um’ image of the
indentation.

Figure 10. Tip Movement and Sinking. As the tip sinks into the polymer above Tg, the
movement at the tip is restricted due to the surrounding polymer. Increased material
must be moved by the tip to achieve the same amplitude response
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Finally, we studied the effect of the interfacial confinement on the glass
transition. In figure 11a, Ty is plotted as a function of film thickness. Films were made
of PS (M, 90 K). It is noticeable that the glass transition temperature is steadily
increasing with decreasing thickness below a critical thickness, t.. The critical
thickness is defined here as the thickness which divides the bulk and boundary
regimes (as shown by the changing values for Tg) and is equal to ~125 nm. In figure
11b, the lateral force at a constant load is plotted against film thickness. An increase in
lateral force is observed as the film thickness increases until t; is reached. The bulk
value of lateral force for this load was 107 nN for film thicknesses greater than t..

An increase in T indicates that the material is mechanically confined and more
thermal energy is necessary to induce a transition from a glass-like behavior to a melt.
This is in excellent agreement with lateral force measurements taken on PS, figure
11b. This heterogeneous layer can be separated, normally to the substrate, into two
regimes: a gel-like sublayer at the interface (density loss of about 10% compared to
the bulk polymer), and an intermediate and gradually changing boundary layer (with a
thickness of 7 to 10 Ry) (29) weight PS films.

The influence of interfacial interaction is usually neglected. This is because in
classical mean-field theories or molecular dynamic simulations it is assumed that
interfacial interactions are completely screened within a distance corresponding to the
persistence length of the polymer (38). Thus, confinement effects induced during film
preparation are not taken into account. However, it has been shown that interfacial
interactions can effect the polymer films up to a distance of 200 nhm from the interface
even after annealing of the polymer films (29, 39, 40).

It is fairly easy to understand the change in mechanical properties and mobility
for film thicknesses on the order of two times the radius of gyration (R,), where
almost every chain has at least one point of contact with the surface. On the other
hand, the persistence of the effect at distances much larger than Ry, where most of the
chains are not in direct contact with the surface, is far more difficult to explain.
Existing classical mean field or molecular dynamic theories assume that the surface
interaction is completely screened within a distance corresponding to the persistence
length of the polymer (about 0.6 nm) (41, 42). It was, however, found that this
assumption is not valid in the case of spin-coated films where a layer immediately
adjacent to the silicon substrate is pinned to the surface (40, 43). Consequently, the
large spin-coating-induced deformation of the chains cannot relax. The strained
interfacial sublayer can be pictured as highly disentangled and laterally anisotropic,
with a thickness on the order of Ry (43). The polymers adjacent to the surface
immobilized sublayer can diffuse through the sublayer's pores forming a two-fluid-
system, as observed in diffusion measurements in a PS system (40). At a distance of
about 7 to 10 Ry apart from the substrate, the polymer behaves like the bulk elastomer
and loses any memory of the presence of the silicon surface and the spin-coated
induced interfacial alignment (40, 43). We observe this transition from an induced
interfacial alignment to the bulk elastomer as t..
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Figure 11. T, and Lateral force vs. Thickness. a) The effect of confinement is
observed for PS films (M, 90 k) of various thickness. Below a critical thickness t., the
T, of the polymer film increases from the bulk T, observed on thick films greater than
150 nm. b) This t, is also observed in lateral force measurements on the same
samples and is thought to be induced by the spin coating process.

Conclusions

The glass transition of amorphous polymeric films was investigated by SPM
under various conditions. We established, using lateral force measurements, that the
pressure exerted by the tip does not have an effect similar to a hydrostatic pressure on
the properties of the polymer. Instead, an apparent transition is observed due to the
viscoelastic nature of the sample. We confirm the existence of a critical load and scan
speed, which need to be determined to obtain accurate glass transition temperature
measurements.

The shear modulation SPM was introduced as a new technique to measure the
glass transition temperature. We have shown that this mode is sensitive to the viscous
properties of the films. At T, the tip sinks into the sample and a hole begins to form.
This sinking process causes the response amplitude to increase. For thick films of PS,
i.e. thicknesses about 200 nm, we have verified that the glass transition at the
air-polymer interface is bulk-like within an uncertainty of +2 K.

The dependence of the glass transition temperature on the molecular weight for
thick films was studied. Relatively thick films were used to avoid possible interfacial
effects. On PS films with molecular weight between 3 k and 6.5 M, we observed
decreasing values of glass transition temperature, which compared well with values
reported in the literature using DSC and ESR. Data also followed the well-known
Fox-Flory model.

In the end, we have shown that the glass transition depends on film thickness. On
films of PS between 20 nm and 500 nm in thickness, we found an increase of glass
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transition temperature below a critical thickness of 150 nm. This increase is due to
confinement of the molecules within a boundary layer towards the silicon substrate. In
this boundary layer, surface effects reduce the local mobility of the polymer and thus
increase the value of the glass transition temperature by a few degrees.

These findings prove that modulated SPM is a unique and very powerful
technique to measure local properties of thin polymer films; it is a local, load
independent, contact mechanical approach to measuring surface properties of
polymers.
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