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ABSTRACT: The glass transition temperature (Tg) of thin
polystyrene (PS) films supported on silicon wafers with oxide
layers of varying thickness was characterized by the temperature
dependence of the film thickness using ellipsometry. This allowed
us to uncover how a long-range interaction affects the Tg of
polymer films. As previously reported using a variety of methods,
the Tg decreased with decreasing film thickness. However, the
extent was not the same among the reports. In this study, we found that the Tg attenuation of a PS film of a given thickness was
dependent on the oxide layer thickness of the silicon wafer via the long-range interaction.

Thin polymer films have been used in a wide variety of
applications such as lithography, selective membranes,

organic sensors and devices, medical coatings, and so on.1−3

When a film becomes thinner, the aggregation states and
dynamics of the polymer chains will change from those in the
bulk phase due to surface and interfacial effects.4−6 Thus far, it
has been widely accepted that those segments in the vicinity of
the free surface are more mobile than those in the
corresponding bulk phase.7−16 On the other hand, although it
appears that the segmental motion of the polymer chains at the
substrate interface is less mobile than in the bulk phase,17−26

the current understanding of this issue is far from clear,
especially in comparison with surface dynamics.
To obtain better insight into the segmental motion at a solid

interface, the effect of the surface chemistry of the substrate on
the glass transition temperature (Tg) of thin polymer films has
been investigated. For example, when a polymer has a strong
attractive interaction with the substrate surface, chain mobility
is attenuated at the substrate interface.27−35 The interaction
discussed here is regarded as a short-range one. However, the
chemistry beneath the surface, which may impact the physical
properties of the polymer layer, is mostly overlooked. In other
words, the long-range interaction between the polymer and the
substrate is generally disregarded. Previous studies on the
dewetting of polymer films on solid substrates demonstrated
that long-range van der Waals interactions altered the
dewetting behavior of polymer films.36−41 To the best of our
knowledge, however, few or no studies have taken into account
the effect of long-range van der Waals interactions on the glass
transition behavior of thin polymer films. In this study, the Tg
of thin polymer films coated onto silicon wafers with oxide
layers of varying thickness was measured to examine the long-
range van der Waals interactions on thin film dynamics.
Figure 1 shows a typically temperature dependence for the

thickness of a polystyrene (PS) film spin-coated onto a native
oxide substrate. The thickness increased with increasing
temperature. The slope of the line in Figure 1, corresponding

to thermal expansion, was found to change at 376 K. The
inflection point related to the slope is in good accord with the
bulk Tg of 376 K measured by differential scanning calorimetry
(DSC). Therefore, this temperature-dependent thickness
measurement allows us to determine the Tg for thin PS films,
as many researchers have previously reported.
Figure 2 shows the thickness dependence of the Tg for PS

films supported on silicon wafers with native and thermal oxide
layers. The solid and dotted lines are the best fits to the data
using Keddie’s empirical equation:42

= − δ∞T d T A d( ) (1 ( / ) )g g (1)

where Tg
∞ is the bulk Tg, A is a characteristic length, d is the

film thickness, and δ is the fitting exponent. Furthermore, the
shaded area denotes the region where data have been reported
by other research groups.43−46 The Tg for both films decreased
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Figure 1. Temperature dependence of the thickness of a PS film with
an original thickness of 297 nm.
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with decreasing thickness when the film became thinner than
approximately 100 nm. The thickness dependence of the Tg
was more striking for the thermal oxide substrates than for the
native oxides. Although the two substrates possessed the same
chemical nature, namely, silicon wafers with a silicon oxide
layer, the thickness of the oxide layer was not the same between
the two substrates. The results obtained suggested that long-
range van der Waals interactions may account for the different
mobility of the two PS films. Also, it is noteworthy that both
data sets lie within the region where data have been previously
reported by other research groups.
Here, the effective interfacial potential against the film

thickness, Φ(d), given by eq 2 is introduced.47

Φ = + Φd
C
d

d( ) ( )8 vdW (2)

where C is a constant related to the short-range interaction
strength and the second term characterizes the long-range
interactions by the van der Waals potential. The Φ(d)vdW for a
system composed of air/PS/SiOx/Si is expressed by
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where ASiOx
and ASi are the Hamaker constants for air/PS/SiOx

and air/PS/Si systems.
Figure 3 shows the effective interfacial potential as a function

of the thickness for PS films coated onto silicon wafers with

SiOx layers of varying thickness. Here, an ASiOx
value of 1.8 ×

10−20 and an ASi of −2.2 × 10−19 J were used.47 As shown in
Figure 3, the relationship between the PS thickness and the
long-range interactions was strongly dependent on the
thickness of the oxide layer (h). For example, in the case of
h = 1.6 nm, the Φ(d)vdW increased slightly with decreasing PS
thickness, abruptly increased at around 10 nm, and then
suddenly dropped at around 2 nm. On the other hand, the
Φ(d)vdW kept decreasing with decreasing PS thickness for h =
290 nm. These two extreme cases correspond to the two sets of
samples in Figure 2. As shown in eq 2, the stability of a thin film
is governed by the Φ(d)vdW, which is a function of the film
thickness. When the Φ(d)vdW is positive, the air and the
substrate prefer not to come in contact with each other,
resulting in a relatively stable film of PS. In contrast, a negative
Φ(d)vdW represents an attraction between the air and the
substrate, leading to the PS film on the thermal oxide layer
becoming less stable and/or mobile at a given film thickness of
PS.
Figure 4 shows the Tg attenuation for 16 nm thick PS films

supported on substrates with different oxide layer thicknesses.

The Tg value decreased with an increasing oxide layer thickness
of the substrate. Hence, long-range van der Waals interactions
can affect the Tg of the thin PS film. Given that the thickness of
the oxide layers of the silicon substrates would differ in different
groups over the world, the effects of these long-range
interactions on the Tg of thin polymer films on silicon wafers
should also differ. Thus, it is noteworthy to mention that in
using different kinds of substrates such as silicon wafers without
oxide layer, glass slides, gold, aluminum, and so on, not only the
short but also the long-range interactions between the polymer
and the substrate should be taken into account to understand
the glass transition behavior in thin films.
The thickness range of a PS in which the long-range van der

Waals forces become significant is up to approximately 20 nm.
Nevertheless, as shown in Figure 2, even at a PS film thicker
than 20 nm, the extent of the Tg attenuation was not the same
for PS films on substrates with 1.6 versus 290 nm thick oxide
layers. This apparent inconsistency might be explained in terms
of a gradient of long-range interactions in the film along a
direction normal to the surface. This leads to the observation
that the Tg attenuation for a PS film much thicker than 20 nm is
dependent on the thickness of the oxide layer on the silicon

Figure 2. Thickness dependence of the Tg of PS films on silicon wafers
with 1.6 and 290 nm thick oxide layers. The gray area indicates the
region where published data from different groups are available.

Figure 3. PS film thickness vs long-range effective interfacial potential
as a function of the SiOx layer thickness.

Figure 4. Tg attenuation of a 16 nm PS film supported on silicon
wafers with oxide layers of varying thickness.
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substrate. Furthermore, the gradient of chain mobility in close
proximity to the substrate interface should also be a function of
the thickness of the silicon oxide layer. This will be investigated
in the near future.
We finally come to alternative possibilities to explain the

results that the Tg depression for the thin films was a function
of the thickness of the silicon oxide layer. Taking into account
that polymers in a thin film are far away from an equilibrium
state,26 the aggregation states are also affected by the long-range
interactions, leading to the alteration of the segmental dynamics
of polymers. Second, the network structure of SiOx will not be
well developed in a thin layer of a few nanometers, even more
so in a thick layer where there is a structural gradient along the
depth direction.48,49 The structural difference between native
and thermal oxide layers was actually observed in their electrical
properties such as in their band gaps.50 Thus, the oxide layer in
various substrates may not be the same in terms of structure. If
this is the case, then the short-range interactions in addition to
the long ones are also a function of the thickness of the silicon
oxide layer. This, of course, results in the change of the
segmental dynamics of polymers.
In conclusion, we measured the Tg of PS films supported on

silicon wafers with oxide layers of varying thickness using
spectroscopic ellipsometry. We observed that the glass
transition temperature decreased with decreasing thickness of
the PS films. Interestingly, the thickness dependence of the Tg

was more striking on thermal oxide substrates than on the
native oxides. When we fixed the thickness of the PS films, the
Tg decreased with increasing oxide layer thickness. These data
provide compelling evidence that long-range van der Waals
interactions can affect the glass transition behavior of polymer
thin films.

■ EXPERIMENTAL SECTION
As a sample, monodispersed polystyrene (PS) with a number-average
molecular weight (Mn) of 73.5k was used. The bulk Tg measured by
differential scanning calorimetry (DSC) was 376 K. The PS films were
prepared by a spin-coating method from toluene solutions onto silicon
wafers. To control the long-range van der Waals forces, we chose
substrates with oxide layer thicknesses (h) of 1.6 nm (native oxide)
and 290 nm (thermal oxide). The as-purchased substrate was
submerged into a piranha solution, that is, H2SO4/H2O2 (7:3),
preheated to 363 K for 1 h, rinsed thoroughly in excess deionized
water, and dried under nitrogen. This process removes all organic
contaminants, leaving the silicon surface a native oxide layer covered
with Si−OH groups. The film thickness was controlled by varying the
concentration of the PS solution. The PS films were annealed under
vacuum at 393 K for at least 48 h to remove the residual solvent and
preparation history. The Tg of the thin PS films was then determined
based on the temperature dependence of the film thickness measured
by ellipsometry. The films were heated by a custom-built hot stage
which was assembled for ellipsometry. The heating rate was 0.5
K·min−1.
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