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ABSTRACT: Relaxation and chain dynamics of polymer nanostructures after release of spatial confine-
ment were studied using line gratings as small as 33 nm on polystyrene surface fabricated by nanoimprint
lithography. The temperature for “slumping”—rapid line height relaxation—decreased as the line width
diminished for all molecular masses (MWs), but a simple explanation based on enhanced surface mobility
fails to explain the results. When MW was low and the structure was large, the line height monitored with an
AFM reduced as surface tension overcame the polymer viscosity. Interesting and complex behaviors were
observed when the radius of gyration (Ry) of the polymer molecules was not small compared with the
dimension of the nanostructure. Careful examination of the surface viscosity shows that confinement of
polymer chains into space comparable to or even smaller than its R, appears to enhance relaxation, which is
the major factor for the surprisingly low temperature at which nanostructures of high MW slumps.

Introduction

The surface of polymers has been an arena for a host of unique
and interesting observations. For example, it is widely believed that
the surface causes polymer thin films to dewet and rupture at
temperatures significantly below the bulk glass transition tempera-
ture ( Tgm)1 and to reduce the 7, of supported>® and free-standing
thin films.* Many hypotheses have been advanced and simula-
tions performed to argue that the surface is more mobile than the
bulk.>® Experimental evidence of enhanced mobility, at least on
the segmental level, has been widely reported.’'> Among all the
evidence of enhanced surface mobility, the mobility of molecular
chains is still a subject of some controversy. As well summarized in
these reviews,'*!* some experimental results suggest that mobility
of entire molecules is essentially unchanged or even reduced.

The nature of the polymer surface can be expected to affect the
stability of polymer structures in nanoscales, where the surface to
volume ratio is relatively high. Polymers are now being patterned
into nanometer-sized structures in a wide range of applications,
e.g., electronics, sensors, photonics, and photovoltaics. Robust
mechanical stability or the ability to predict the relaxation
behavior of these nanostructures is critical for their performance,
especially for applications intended for long-term use. With the
assumption of a mobile surface, the stability of polymeric
nanostructures is expected to be reduced with decreasing feature
size, as the surface to volume ratio increases. However, very little
research into the stability of polymeric nanostructures has been
done. There are observations that surface nanostructures can
relax rapidly even at temperatures below the bulk 7,..”!7 In
such cases, one would expect the relaxation rate should be
strongly dependent on the size of the polymer structure. How-
ever, nanometer-sized holes in the polymer surface were found to
relax at the same speed as the protruding rims of much larger
radius of curvature.”> On the other hand, poly(methyl
methacrylate) (PMMA) lines 50 nm in width proved to be quite
stable as they sustained annealing at 25—30 deg above the bulk

Ty without perceivable shrinkage, contradictory to all the
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observations above.'® These discrepancies in the mechanical
stability of polymeric nanostructures warrant further systematic
research in order to arrive at a better and consistent under-
standing. Such understanding concerns not only polymeric
nanostructures but also patterning techniques such nanoimprint-
ing, which proves successful in creating structures as small as
10 nm with glassy polymers (e.g., PMMA)."

One important question regarding nanostructure stability is
whether the viscosity of thin films or surfaces is different from
that of the bulk. If the surface is indeed mobile, its viscosity
should be lower than that of the bulk; however, there are also
controversies in this regard. Bodiguel®® and Green®! argued for
reduced viscosity in polymer surface and ultrathin films from
observing thin film dewetting behavior, while Johannsmann?
and Kim* concluded from surface wave measurement that the
surface viscosity was no lower than the bulk value. Dutcher
et al.>* found that the viscosity of free-standing films decreased
with decreasing film thickness and interpreted the reduced
viscosity as the result of shear thinning. Another important and
interesting question is, if the size of the nanostructure is close to or
smaller than the size of the polymer molecular coil, how would
this influence the structure stability? In this paper this factor will
be referred to as the size effect, which is akin to a confinement
effect. The size effect would be expected to give rise to entropic
changes. We would not expect it to manifest itself at temperatures
far below the bulk T,.. as the relaxation rate is slow. As the
temperature increases, the rate of various relaxation modes in the
polymer condensed phase should increase, causing the viscosity
and mechanical modulus to decrease. But, as the structure size (or
feature size) decreases, the surface to volume ratio increases at the
same time as the size effect becomes stronger. Therefore, careful
experimental design and analysis are needed if the convoluted
effects are to be resolved.

In this work, nanoimprinting is used to create surfaces with
well-defined feature shapes and sizes, while AFM is used to study
the stability of these features fabricated from polystyrene of
different molecular masses. The hope is that the work presented
here can also shed further light on the nature of surface mobility
and help resolve the controversies.
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Experiment

Materials. Polystyrene (polydispersity index 1.03—1.05)
was purchased from Polymer Source (MW = 6.4, 15.5, 41.5,
and 220.9 kg/mol) and Scientific Polymer Products (MW =
1571 kg/mol). For simplicity, polystyrene of these five MWs will
be designated as PS6k, PS15k, PS41k, PS220k, and PS1571k,
respectively. Toluene (Certified ACS), as the solvent of poly-
styrene for spin-coating, was purchased from Fisher Chemical.

Film Preparation. The majority of the samples were made
by reversal nanoimprint lithography (r-NIL). The details of the
r-NIL technique have been given in previous publications.?
Briefly, a Si mold was plasma cleaned and coated with a layer of
1H,1H,2H,2 H-perfluorodecyltrichlorosilane (FDTS) to pro-
vide it with a low-energy surface, while the Si substrate used to
support the polymer film was cleaned with piranha solution,
leaving an intrinsic silica layer. PS dissolved in toluene was spin-
coated onto the Simold (see Table 1 and Figure 1), followed by a
soft bake at 115 °C for 5 min to remove residual solvent, and
then a flat Si substrate was used to sandwich the polymer film
between substrate and mold. Then the assembly was inserted
into a nanoimprinter (HEX 03, Jenoptik). The sandwiched
polymer film was heated to 150 °C under vacuum in 5 min,

Table 1. Detailed Information of the Polystyrene Line Grating

Patterns
feature size period (1) height
~33 nm 200 nm 44 nm
~300 nm 700 nm 262 nm
600 nm 1.2 um 500 nm
8 um 16 um I um
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Figure 1. Cross-section SEM micrographs of the Simolds (a, e: Siis the
bottom half of the graphs) and AFM scans (three-dimensional view at
the cross section) of the polystyrene film (b, f) for the 30 and 300 nm
features, respectively. The width of the lines in AFM scans appears to be
slightly broadened by the shape of the AFM tip. Line height in AFM
scan (c)is 20 nm at an earlier slumping stage of a 30 nm grating; height in
scan (d) is only 6 nm for the same film at a later slumping stage. Line
height in scan (g) of a 300 nm grating is 90 nm, at a later stage of
slumping.
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and then a pressure of 5 MPa was applied. A typical imprinting
condition was 150 °C for 10 min. After imprinting and while still
under pressure, the film was cooled to below T.. in 2 min and
cooled further to 60 °C before the imprinter pressure was
reduced to zero. Then the film was further cooled to room
temperature before the mold was opened. The low surface
energy of the FDTS-coated Si mold caused the PS film to be
transferred and attached onto the flat Si substrate. Adhesion
between the film and the Si substrate was sufficient to prevent
any dewetting from occurring in these experiments.

To observe the effect of thermal history on nanostructure
stability, a modified process, conveniently called “peel-oft”, was
also employed. In the peel-off process, after the polymer solution
was spin-coated onto the mold, the resulting film was simply
annealed on a hot plate or in a vacuum oven before it was peeled
off the mold and laid on a flat silicon wafer, with the side
containing the nanostructure facing up. (The opposite side was
flat). This peel-off process was used only on PS1571K. The speci-
mens and their preparation conditions are summarized in Table 2.

Table 1 lists the specification of the four molds used in this
work. These molds have feature sizes ranging from 33 nm to
8 um. The mold with trench width 8§ um was purchased from
NTT Advanced Technology, catalog #NIM-1000UL. The
molds with trench widths 600 and 33 nm were made from
e-beam lithography, and the mold with trench width 300 nm
was made by interference lithography. The top of the 33 nm lines
was rounded owing to the small size and the reactive-ion-etch
(RIE) step in Simold preparation; the line tops of the other molds
were flat, with rounded edges of much smaller radii than the
feature sizes. Figure la,e shows the SEM cross-section micro-
graphs of the silicon molds with 33 and 300 nm wide trenches,
while Figure 1b,f shows a small patch of the AFM scan of the
polymer films made with these two molds. One important aspect
of all the specimens is that the overall film thickness was on the
order of micrometers, thus significantly larger than the height of
the line features. Therefore, the behavior of the nanofeatures can
be considered largely free from substrate effects.

AFM Measurement. A noncontact atomic force microscope
with an enclosed sample chamber (NTEGRA Therma, NT-
MDT) was used to observe the decay of the pattern while the
sample pattern was exposed to elevated temperatures stepwise
through glass transition. This AFM system has very low thermal
drift characteristics and allows reliable quantitative topogra-
phical measurements at stable temperatures. The line height was
the major physical quantity measured for a relatively fixed scan
area. The first type of measurement conducted was to find the
temperature at which the pattern started to relax rapidly, or
“slump”. This temperature, which we shall designate T, was
expected to be dependent on the rate of heating. The measure-
ment temperature began at room temperature, which was
then raised in 10°—20° steps. When noticeable height decrease
began to be observed—typically several nanometers—smaller

Table 2. Film Identification (ID) and Preparation Condition

PS MW (kg/mol) size film ID short description
1571 33 nm 1571k-33nm-rNIL-150C reversal nanoimprinting at 150 °C for 10 min
1571k-33nm-rNIL-195C reversal nanoimprinting at 195 °C for 10 min
1571k-33nm-Peel-115C peel-off after annealing at 115 °C for 10 min
1571k-33nm-Peel-180C peel-off after annealing at 180 °C for 24 h in vacuum
300 nm 1571k-300nm-rNIL-150C reversal nanoimprinting at 150 °C for 10 min
1571k-300nm-Peel-180C peel-off after annealing at 180 °C for 24 h in vacuum
1571k-300nm-Peel-190C peel-off after annealing at 190 °C for 48 h in vacuum
1571k-300nm-Peel-155C peel off after baking at 155 °C for 10 min on a hot plate
600 nm 1571k-600nm-rNIL-150C reversal nanoimprinting at 150 °C for 10 min

8 um 1571k-8um-rNIL-180C

220.9¢ 33 nm 220k-33nm-rNIL-150C
300 nm 220k-300nm-rNIL-150C
600 nm 220k-600nm-rNIL-150C

peel-off after annealing at 180 °C for 24 h in vacuum
reversal nanoimprinting at 150 °C for 10 min
reversal nanoimprinting at 150 °C for 10 min
reversal nanoimprinting at 150 °C for 10 min

“For PS41k, PS15k, and PS6k, the same set of films were prepared using the same reversal nanoimprinting condition. For example, the set for PS41k is

41k-33nm-rNIL-150C, 41k-300nm-rNIL-150C, and 41k-600nm-rNIL-150C.
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temperature steps of 1°—3° were used. The temperature was
raised to and stabilized at the target value in 2 min and held for
20 min for thermal equilibrium to be established. By measuring
the line height stepwise, the slumping onset temperature could
be found. This type of measurement program is denoted here as
“H-Temp” measurement where H is the height. In the second set
of measurement program, designated as “H-Time”, a fixed
temperature at or above Ty was chosen, and the line height
reduction with time was monitored. As will be shown in Results
and Discussion sections, the slumping dynamics and viscosity of
the film (or the surface) can be deduced from H-Time measure-
ments.

Results

The slumping onset temperature (75) is used here as the criti-
cal parameter to indicate the thermal stability of the nanostruc-
ture. 7y is defined here (Figure 2) as the intercept between two
lines, one on the 7' < T side where the normalized line height is
almost constant and the other on the T > T side where the height
quickly diminishes with the increase in temperature. As can be
seen in Figure 2, T decreased with decreasing line width for
PS41k. The 600 nm lines started to slump at about 107 °C, the 300
nm lines at 104 °C, while the 33 nm lines slumped at 94 °C, 3°
lower than the glass transition temperature of the bulk polymer,
Toe. (97 °C). This trend is observed for all the MWs investigated
(Table 3). The results in Table 3, which are based on the average
of triplicate measurements, show that the stability of nanostruc-
tures on polymer surface decreases with the feature size, as
expected. On the other hand, the MW dependence of T, seems
rather complicated. Taking the 600 nm films for example, T of
PS1571k agrees well with T.., while T of PS6k occurs 10 deg
above the bulk 7.

PS41k

0.4 = 600 nm
e 300 nm
0.21 A 33nm

Normalized Height
o
[«

0.0

20 40 60 80 100 120 140
Temp (°C)

Figure 2. Normalized height of PS41k line gratings vs temperature. All
the films were prepared by rNIL at 150 °C.

Table 3. Slumping Onset Temperature (7) of Polystyrene of
Different MWs and Feature Sizes in Line Grating Patterns”

T, (°C)
PS MW (kg/mol) Rg’7 (nm) DSC‘(°C) 600 nm 300nm 33 nm
1571 72 104.9 105 105 99
220.9 27 104.4 105.5 100—102 97-98
41.5 11.7 96.8 106.5 103.5 94
15.5 7.2 92.7 102.5 101.5 94.5
6.4 4.6 83.4 94.5 935 75.5—=176

“ All the specimens in this table were made with reversal nanoimprint-
ing, molded at 150 °C, and held for 10 min. 7 results are averaged from
triplicate measurements and have a range of +0.5 °C. ®Radius of
gyration is calculated using the parameter under the theta condition:
Polymer Handbook, 4th ed.; Brandrup, J., Immergut, E. H., Grulke,
E. A., Akihiro, A., Bloch, D. R., Eds.; John Wiley & Sons: New York,
1999. ¢ Differential scanning calorimetry was performed on Q100, TA
Instrument at a heating rate of 10 °C/min.
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Figure 3. Normalized height of PS1571k line gratings vs temperature
from H-Temp measurements.

To unravel the T dependence on feature size, the effect of
process history of the line gratings on Ty was also examined.
Residual stresses could have arisen during two stages in the
process, namely, spin-coating and transfer under pressure of the
film from the mold to the Si wafer. Residual stress would reduce
T, if film annealing is not sufficient. H-Temp curves of PS1571k
gratings of various sizes and annealing conditions are shown in
Figure 3. Some films were prepared with r-NIL as described
above, while others by the “peel-off” process. There is no
statistically significant difference between these two sets of films
in terms of line height despite the absence of transfer pressure and
different annealing temperatures in the latter. This means that the
transfer step in r-NIL did not introduce additional residual stress.
A fortunate consequence is that films prepared by either r-NIL or
“peel-off” can be directly compared simply based on the tem-
perature used. The terminal relaxation times of PS6k, PS15k, and
PS41k at 150 °C should be orders of magnitude shorter than 10
min, which was the dwell time before transfer. Therefore, the set
of films with these low MWs should be free of residual stress due
to molecular orientation. However, for PS of higher MWs,
especially PS1571k, the dwell at 150 °C for 10 min may not have
been sufficient for removing in its entirety what residual chain
orientation that may have arisen from the spin-coating process.
Indeed, the curves in Figure 3 demonstrate that annealing does
result in different slumping behaviors for the higher MW
PS1571k nanostructures.

Comparing Figure 3 and Figure 2, one immediately notices
that PS1571k H-Temp curves (except the 8 um lines) have an
interesting plateau following a rapid decrease in line height within
a 10° temperature window after slumping starts. The annealing
history clearly has a stronger influence on the plateau height than
on T. For example, 1571k-33nm-Peel-115C and 1571k-33nm-
rNIL-195C have virtually the same Ty, even though the latter is
expected to have more residual stress and the former none at all.
Thus, T, cannot be used to distinguish between the two line
structures even though they have such a drastic difference in
thermal history. As will be shown in the Discussion, there is a
more dominant factor dictating 7 for 1571k-33nm than residual
stress. It should be noted that annealing at 195 °C for 10 min does
raise the plateau from ~5% in normalized height to more than
10% or from 2~3 nm to 6 nm in terms of absolute line height.
Such a large change in the plateau position is also observed in the
1571k-300nm films. The plateau of 1571k-300nm-Peel-115C is at
less than 30% in normalized height or ~80 nm, while that of
1571k-300nm-Peel-190C is at more than 60% or 160 nm. With
such a large difference in the plateau value, the T of these two
structures nevertheless differ by only 2°. This comparison sug-
gests again that another more dominant factor may be at play in
controlling 7.
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Figure 4. Normalized height of PS41k line gratings vs time from
H-Time measurements. The line widths and measurement temperatures
are shown in the legend. The number in parentheses shows the
difference between the 7 and H-Time measurement temperature. All
the films were prepared by rNIL at 150 °C. The inset shows the results of
the first 300 min.
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Figure 5. Normalized height of PS15k 300 nm (@, at 103 °C) and 33 nm
(A, at 98 °C) line gratings vs time from H-Time measurements. The O
symbol is the H-Time result of PS41k-33 nm (at 98 °C). All the films were
prepared by rNIL at 150 °C. The inset shows the results of the first 200 min.

One property that should play a dominant role in T is
viscosity. As temperature rises through glass transition, the
viscosity of PS decreases by orders of magnitude. One under-
standing of T could simply be that at this temperature the
slumping driving forces (e.g., surface tension) start to overcome
the viscosity. Therefore, measurements to estimate the viscosity
are crucial for understanding the complex 7 dependence on line
width and MW in Table 3.

For simple sinusoidal surface waves of a viscous liquid, the
amplitude of the surface wave decays exponentially with time,
and the time constant 7 is given by*>*®

T = An/(wy) (1)

where A is the wavelength, # the viscosity of the film (or surface),
and y the surface tension. The plot of relative wave amplitude in
logarithmic scale vs linear time is a straight line for a simple
exponential decay, and the reciprocal of the absolute slope is the
time constant 7. Figure 4 shows such a plot for the H-Time
measurement of the PS41k films. It should be noted that
the initial cross section of the surface structures produced by
the imprinting method is closer to being trapezoidal than sinu-
soidal. Nonetheless, the cross-sectional profile after significant
slumping became sinusoidal for the 300 and 600 nm lines, which is
consistent with surface tension being part of the driving force (see
Figure 1g). The fitted straight lines show that the surface wave
indeed decays exponentially with time except for the faster than
exponential slumping in the beginning. Such behavior has also
been reported in other studies on polymer nanostructures.”>*® As
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Figure 6. Normalized height of PS1571k-300 nm line gratings (v rNIL-
150C; O, W Peel-115C; A Peel-190C; @, O Peel-155C; x Peel-180C) vs
time from H-Time measurements. The measurment temperatures are
shown in the legend. The results of Peel-180C and Peel-190C were
collected after H-Temp measurement concluded at 130 °C.
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Figure 7. Normalized height of PS1571k-33nm-Peel-180C vs time from
the H-Time measurement at 135 °C.
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Figure 8. Viscosity calculated (symbols, PS15k a, PS41k @, PS220k v,
and PS1571k M) from the linear regime of H-Time measurements in
Figures 3—7 vs the bulk zero shear viscosity (lines). There are five
measurements at 135 °C for PS1571k on 33 and 300 nm gratings.

will be shown later, the time constant for the exponential decay
regime in Figure 4 for PS of all other molecular masses studied is
much longer than the terminal relaxation time for PS at the given
temperature. It appears reasonable that in such a case PS can be
treated as a viscous liquid and the H-Time measurement can be
used to calculate the viscosity. From the time constant of the
surface wave amplitude decay, the viscosity can be obtained by
rearranging eq 1:

n =mayt/A (2
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The H-Time measurement for PS15k is shown in Figure 5 and for
PS1571k in Figures 6 and 7.

The deduced viscosity from the slope of the fitted straight lines
in Figures 4—7 is plotted in Figure 8, along with the bulk viscosity
calculated from the Vogel—Fulcher—Tamman (VFT) model
using parameters obtained from ref 27. As can be seen, the
agreement between the estimate here and the bulk data for
PS220k and PS1571k is very good. However, the calculated
viscosities of PS15k and PS41k are 1 order of magnitude higher
than those of the bulk. A possible explanation of the cause for the
difference is offered in the Discussion section.

Discussion

From the observation of lowered T with decreasing line width
in Table 3, it is tempting to draw the conclusion that there exists a
mobile surface layer, which decreases Ty as the feature size
decreases because the surface to volume ratio increases. However,
the full set of results from the entire range of molecular masses
presented here suggest that there may be other, more dominant
causes for the observation. The first is surface tension; the second
is the spatial confinement of the polymer coils.

To arrive at a consistent interpretation of the full set of results
presented here, it is important to understand the physical basis for
T,. Clearly, it is associated with the glass transition process.
Indeed, the imprinted patterns began to slump in the vicinity of
bulk T, for the films listed in Table 3. This is understandable as
the modulus and viscosity of polystyrene decreases orders of
magnitude across the glass transition regime, and thus the
nanostructures would no longer be able to maintain their shapes
if a force is applied. In work by other researchers the change of
the surface structure with time well below the bulk 7, was
discussed in terms of some molecular mode of relaxation.'>!”
However, the slumping process observed here might be simply
viewed as the consequence of slumping driving forces overcoming
the viscosity of the polymer, recognizing that viscosity is a
manifestation of segmental relaxation. In other words, T is not
directly related to T.. (or surface T,); instead, it is related to the
stress in the line grating structure and the viscosity at such a level
of stress. This argument seems reasonable in cases where the
viscosity at T} is relatively low, e.g., on the order of 10° Pa-s or
less for bulk polystyrene. On the other hand, this argument might
seem improbable for films of high MWs, whose bulk viscosity is
extremely high at T, on the order of 10'® Pa-s or more. In those
cases, the possibility of other relaxation mechanisms must be
considered.

For viscous flow to be possible at T there must be driving
forces. One obvious force is the surface tension, which acts to
minimize the surface area. Other driving forces may include the
entropic force from molecular orientation and/or confinement
and residual stress owing to the film preparation process. Surface
tension of polymers is weakly dependent on molecular mass and
temperature. For the range of MWs and T studied, the surface
tension of PS ranges from 32 to 34 mN/m based on empirical
equations.”® For the sake of simplicity, 33 mN/m will be used in
the calculations here.

The bulk viscosity of PS6k at T = 94.5 °C for 600 nm lines is
5% 107 Pa-s.>’ This viscosity is quite low, lower than that of pitch
at room temperature, as expected for a low MW PS at a
temperature 10 deg above T,... If a sinusoidal surface wave of a
viscous liquid with viscosity 5 x 107 Pa-s is considered, following
Johannsmann®® and Soles,”® its amplitude would exponentially
decay with a time constant of about 500 s based on eq 1; i.e., the
amplitude of the wave would decrease to 1/e of the initial
amplitude in about 8 min. However, the strain over ~22 min at
Ts (see Experiment; 20 min is the waiting time for thermal
equilibration before the start of AFM scan, plus half of the scan
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time) is no more than ~5%, which is equivalent to a slumping
time constant of about 3 x 10* s. This comparison suggests that
the apparent viscosity of PS6k surface is about 2 orders of
magnitude larger than the bulk viscosity at the same temperature.
This statement may appear surprising, but if it were not true and
the surface viscosity was the same as the bulk or even smaller, the
analysis above would suggest that the lines would slump at a
much lower temperature than the observed T,. Such surface
induced viscosity increase for low MW glassy polymers has been
observed before.”? The enhanced surface viscosity of PS15k and
PS41k (Figure 8) also corroborates the observation on PS6k. Our
experimental evidence and analysis contradicts the mobile surface
layer interpretation, which would be consistent with lower, rather
than higher, viscosity than the bulk. Therefore, the interpretation
of lowered T with decreasing line width cannot be based on the
mobile surface hypothesis.

One may argue that polystyrene cannot simply be treated as a
viscous liquid, where relaxation (or segmental or molecular
rearrangement) is not being considered. In fact, segmental
relaxation time is at least 2 orders of magnitude faster than the
time constant for the surface wave decay in this case. For
comparison, the terminal relaxation time, which is given by the
product of the zero shear viscosity and equilibrium recoverable
compliance, may be calculated:

T =1/ 3)

Using data in the literature,” the terminal relaxation time for

PSo6k at 94.5 °C, determined from eq 3, is calculated to be about
5's. This means that during the surface wave decay of PS6k the
rearrangement of the chain segments and molecules occurs at a
rate 2 orders of magnitude faster; therefore, this low molecular
mass PS can be simply considered a Newtonian liquid, just like
small molecules. This may not be true for the large molecular
mass PS, as will be examined later.

Now it can be said with confidence that the T of the 600 nm
lines for PS6k is dictated by the stress from surface tension and its
viscosity. In fact, the surface viscosity turns out to be 2 orders of
magnitude higher than the bulk. When the line width is reduced
to 300 nm, T decreases by about 1 °C compared to PS6k-600 nm,
corresponding to a viscosity increase of about 40%. Meanwhile,
the stress from surface tension is about twice as large as in
the narrow lines. Therefore, the decrease in T by reducing the line
width from 600 to 300 nm can be interpreted simply as the
increase in stress from surface tension, not because of the increase
in surface to volume ratio. If a similar estimate on the decay rate is
done on the 300 nm film, the conclusion would be that the surface
viscosity is also about 2 orders of magnitude larger than what is
expected from the bulk. Notwithstanding the foregoing, the
possibility that there is a very thin surface layer on the order of
a couple of nanometers on the polymer surface remains. The
nanometer-thick mobile surface layer may well be tethered to
the more rigid layer beneath it. Yet, this mobile layer apparently
does not contribute to the decrease of T in the 300 nm lines.
However, such a nanometer-thick surface layer might play a
more significant role in the 33 nm lines. Combined with the low
MW, it could cause the T to decrease drastically. Indeed, it was
found to be 10 °C below the Ty... Such an interpretation is not
contradictory to the observed results.

The basis of the argument presented above for PS6k is that the
bulk viscosity at Tyislow, i.e., below 10° Pa-s. Obviously, such an
argument would not be valid for PS220k and PS1571k, whose
viscosities are orders of magnitude higher. With surface tension
as the only driving force there would be no measurable slumping
in the experimental time window. On the other hand, such an
argument is capable of explaining the PS15k and PS4 1k results, at
least for the larger line widths of 300 and 600 nm, whose bulk zero



414  Macromolecules, Vol. 43, No. 1, 2010

shear viscosity at T is on the order of 10° Pa-s. For example, the
bulk viscosity of PS41k at 106.5 °C, calculated from the VFT
model,” is about 2 x 10° Pa-s. The time constant of the surface
wave decay is calculated (eq 1) to be about 2 x 10*s. In other
words, 5% reduction in line height would require a mere 20 min.
The point of this estimate is that T of the PS15k-300 nm and
PS15k-600 nm as well as the PS41k pair are close to what would
be expected from the bulk viscosity. To further examine this
argument, the viscosity calculated from the H-Time measurement
can be used.

In Figure 4, the relative height in logarithmic scale is plotted
against time for films of PS41k from H-Time measurements.
These films were heated to 4 °C above T, and held constant.
(The 33 nm film was taken further to 8° above T after ~700 min.)
The result of 600 nm lines in this figure is a straight line except in
the first 20 min (see inset of Figure 3). The linear regime suggests
that the viscosity approaches a constant after beginning at a
smaller or much smaller apparent value. The viscosity calculated
for PS41k-600 nm in the linear regime is 1.2 x 10° Pa-s, about 1
order of magnitude higher than that predicted from the VFT
model for the bulk (Figure 8). This viscosity increase is tentatively
interpreted as a result of surface-induced chain alignment.*

In the 300 nm lines, the linear regime began when the height
shrank to about 50% of the original. Once again, the viscosity in
the linear regime derived from eq 2 is about 1 order of magnitude
higher than the bulk zero shear viscosity for the same temperature
and MW. The slumping started with apparent viscosity much
lower than that in the linear regime. The negative slope reflecting
the first few data points (z &~ 100 min) is about 5 times that in the
linear regime (7 ~ 500 min), which means the apparent viscosity
at the onset of slumping is only one-fifth of that in the linear
regime. In the case of the structure with a much smaller line width
of 33 nm, an even larger reduction in the apparent initial viscosity
is seen. Assuming that the few data points within the first 10 min
is a part of single-exponential decay, the time constant would
be about 20 min, which would correspond to a viscosity of about
2 x 10’ Pa-saccording to eq 1.>° The viscosity at 98 °C, compared
to the bulk zero shear viscosity of 7 x 10'" Pa-s, is more than
1 order of magnitude lower. It should be noted that this simple
analysis cannot serve as evidence for the existence of a mobile
surface layer. As discussed earlier, if there were a mobile surface
layer to reduce the surface viscosity, T would be much lower in
the PS6 600 and 300 nm films; therefore, this reduced apparent
viscosity must have been caused by a stress that accelerates
relaxation, perhaps due to spatial confinement. This possibility
will be further discussed. After the first 20 min, the slumping
speed decelerates and levels off between 500 and 700 min. At this
point, as the temperature was raised by 4 deg to 102 °C, yet
another faster decay, followed by a linear regime, was observed.
The nonlinear regime immediately after raising the temperature
suggests that the rapid relaxation at 98 °C is continued. The time
constant for the linear regime is 1670 min, and the calculated
viscosity is 7.3 x 10" Pa-s, 1 order of magnitude higher than the
corresponding zero shear bulk viscosity at 102 °C. In fact, the
calculated viscosity of the linear regime for all the PS41k films is
consistently an order of magnitude higher than that of the bulk
(Figure 8). As will be shown later, there is also an increase in
viscosity of between 1 and 2 orders of magnitude for the PS15k
films (Figure 8). Also note that the surface viscosity of PS6k is
estimated to be 2 orders of magnitude higher than that of the
bulk. Taking all these results together, it can be surmised that as
the molecular mass decreases, the surface viscosity would increase
further beyond the bulk viscosity. Could this be due to surface-
induced chain alignment?22 If so, the shorter the chains, the more
oriented the chains should be. Sum frequency generation mea-
surement shows that the surface/interface causes the phenyl rin
to orient either parallel or perpendicular to the surface normal.®
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Simulation supports the notion that the chains near a surface
are somewhat flattened parallel to the surface.’* Such orienta-
tion and conformation might enhance the inter- and intrachain
interactions, especially in low MW PS. In a similar vein,
McKenna® argued that “surface pinning” of entanglements
could explain the observed larger rubbery modulus of ultrathin
free-standing film than that of the bulk.

Alternatively, one may reason that the beginning of the
slumping is in a transient state and the linear decay regime only
appears in the later stage when the system stabilizes, yet it should
be borne in mind that the surface tension induced stress and other
possible driving forces have been acting on the lines right from the
moment the imprinted films were released from the mold, not
suddenly applied to the film. So the relevant question here is how
rapidly the viscosity of the film can change. In fact, such non-
linear fast decazy in the beginning of slumping has been observed
by Soles et al.,”® who attributed this behavior to residual stress.
Since their samples were prepared by embossing and the imprint-
ing condition probably did not allow sufficient time for the high
MW molecules to relax, the residual stress explanation might be
reasonable and suggests that a similar analysis of the current
results is reasonable. However, it will be shown that even without
residual stress, the nonlinear fast decay still exists for the PS1571k
films.

The terminal relaxation time for PS41k at 150 °C calculated
from eq 3 is a fraction of a second; therefore, the residual stress
left in the films should be negligible. Consequently, the fast
slumping in the beginning of H-Time measurement seen in
Figure 4 cannot be due to residual stress. The possibility of
non-Newtonian behavior must therefore be examined. Generally
speaking, non-Newtonian behavior, such as shear thinning, is
observed when the strain rate exceeds some critical value, viz.,
approximately the inverse of the terminal relaxation time of the
polymer molecule.

For polystyrene, the empirical critical shear stress to crossover
from linear regime to non-Newtonian or power law regime is

o =1yYo ~ 0.6/J:° 4)

where 7, 70, and J.° are zero shear viscosity, critical shear rate,
and steady-state recoverable creep compliance, respectively.**
Take PS41k for example; at 107.5 °C, J.° is ~2 X 10_6/Pa. This
means that o, isabout 0.3 MPa in steady state simple shear. While
the stress state under consideration is not simple shear but rather
surface wave decay, it is still reasonable to assume that there exists
an analogous critical stress g.. When such a stress is exceeded, the
apparent viscosity reduces, just like in the case of simple shear
thinning, or it can simply be considered a kind of non-Newtonian
behavior. For a sinusoidal surface wave, the surface tension
induced stress is largest at the peaks and valleys of the wave
and is determined by surface tension and the radius of curvature

P :y(%”)’; (5)

where h is the peak-to-valley height. The maximum shear stress
O in the surface wave is half of P

7 h
m = YTZ (6)

If the initial maximum shear stress is larger than o., non-
Newtonian behavior would be observed: the apparent viscosity
would be much lower than the zero shear viscosity, and the line
height would decrease much faster than expected from the zero
shear viscosity. In the meantime, the shear stress level in the
surface wave (eq 6) would also reduce as the lines slump. At some
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point of small line height /4, the shear stress (eq 6) would fall below
0., at which point linear behavior would be restored and zero
shear viscosity recovered. In the absence of other data, the steady-
state simple shear result, i.e., eq 4, can be used as reference. The o,
at 107.5 °C for PS41 is 0.3 MPa, while the maximum shear stress
for 41k-300nm-rNIL-150C at the initial line height given by eq 6
isabout 0.2 MPa if the waveform is assumed to be sinusoidal. The
similarity between o,, and o. suggests the likelihood of non-
Newtonian behavior and thus provides a plausible explanation
for the nonlinear fast slumping of this film in Figure 4. For the 33
nm lines, the radius of curvature at the top of the lines is smaller
than half of the line width (Figure 1), which would easily produce
shear stresses (eq 6) over | MPa. That is probably the reason why
the linear regime was not reached until the line height was only
several nanometers, and the shear stress given by eq 6 was less
than o.. The important point here is that the stress from surface
tension for structures ranging in size from submicrometers to a
few tens of nanometers is in the order of 0.1—1 MPa and may
prove large enough to move the system to cross over from the
linear to the non-Newtonian regime, where the viscosity could be
below the zero-shear viscosity.

The PS15k result is also very interesting. As shown in Figure 5,
the H-Time curve of PS15k-300 nm is unlike what was observed
in all other specimens; namely, there is a nonlinear slower
slumping (or higher apparent viscosity) before the linear regime.
(Two films were measured and produced similar results. Only one
curve is shown in Figure 5.) From the linear regime, the slumping
time constant is determined to be 210 min, corresponding to a
viscosity of 2 x 10° Pa-s from eq 2. This viscosity is more than
1 order of magnitude higher than zero shear bulk viscosity at
103 °C. However, the larger apparent viscosity in the beginning of
the slumping could be explained by a higher degree of order in
chain alignment, which is very likely from the nanoimprinting
process. As slumping proceeds, the chains lose some order but
still maintain some surface-induced orientation to possess higher
viscosity than the bulk.

On the other hand, PS15k-33 nm behaved very similarly to
PS41k-33 nm, as can be seen in Figure 5. Notice that both
measurements were performed at 98 °C. The higher MW PS41k
presents the higher zero-shear viscosity, as indicated by the
smaller absolute slope (thus slower slumping speed) in the linear
regime. However, it is a little surprising to see that the PS41k lines
slump faster in the beginning, before the two H-Time curves cross
and enter the linear regime. As mentioned above, both samples
were prepared in the same way, and the favorable nanoimprinting
condition should have left no residual stress. Is it possible that
PS41k-33 nm is in a deeper non-Newtonian regime? Since both
films experience the same level of stress from surface tension, the
higher MW film always has the larger viscosity than the lower
MW one. Therefore, the faster slumping in PS41k-33 nm in the
initial stage compared with PS15k-33 nm cannot be explained
from the non-Newtonian behavior point of view. In addition, the
T, of PS41k-33 nm is about the same as that of PS15k-33 nm
(Table 3), if not slightly lower, although the T, of PS41k is 4 deg
higher. With the analysis above, it is likely that the overall size of
the molecules is the origin of the surprising observation.

Table 3 lists the radius of gyration (R,) under theta condition
for all the PS. Considering the fact that the diameter of PS41k
molecules is close to 24 nm, the molecular coils must suffer a
significant amount of deformation from its undisturbed state in
order to fit into the 33 nm wide lines. This spatial confinement is
expected to give rise to an entropic driving force for the lines to
slump faster than can be expected from surface tension alone.
This confinement effect can certainly explain the interesting
comparison above between the PS41k and PS15k 33 nm lines.
In addition to the simple idea of extreme confinement due to the
disparity between the unperturbed polymer coil size and the line
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width, an earlier study showed that the relaxation time of a highly
deformed polymer can be shortened by orders of magnitude.®
The confined molecular coils in the line gratings are expected to
be stretched along the surface, though whether the stretching
direction is perpendicular or parallel to the lines is unknown. In
either case, faster relaxation dynamics are expected in such
deformed chains. Therefore, this activated relaxation would
cause faster slumping in the PS41k-33 nm than the PS15k lines.
As slumping proceeds, this effect should gradually disappear, and
the relaxation should slow. Indeed, when the line-width narrows
and the curvature increases, both the stress from surface tension
and the confinement effect increase. The two factors work in
concert to lower T and to cause faster slumping in the beginning
of the slumping process.

The slumping behavior of the highest molecular mass material,
PS1571k, is discussed next. Obviously, the viscosity of PS1571k
remains high even well above the bulk 7. Using VFT para-
meters in the literature,?” the bulk zero shear viscosity at 125 °C,
20 deg above the Ty for the 600 and 300 nm lines, is calculated to
be 3 x 10" Pa-s. At these dimensions, it is reasonable to think
that the properties would approximate those of the bulk. Con-
sidering such a high bulk viscosity, there should not be any
noticeable line height reduction in the measurement window if
linear behavior was expected and surface tension the only driving
force. However, the critical stress o, from eq 4 suggests non-
Newtonian behavior, and thus the viscosity is much reduced from
that of the bulk. The J.° for PS1571 is about 10~ ** Pa,*” when
the temperature is about 10 deg above T,.. and beyond. That
would suggest that o, is only about 40 kPa from eq 4, compared
with surface tension generated shear stress at (eq 6) ~0.1 MPa for
the 600 and 300 nm lines and ~1 MPa for the 33 nm lines. This
comparison may reasonably explain some of the H-Time results
in Figure 6, as non-Newtonian behavior causes the nonlinear fast
slumping in the beginning, followed by the linear regime, which
produces viscosity very close to the calculated bulk zero shear
viscosity (Figure 8). Take film 1571k-300nm-Peel-115C, for
instance: it was first taken to 113 °C, at which temperature the
height decreased to 50% after only 10 min. Then the line height
leveled off to about 30% of the initial height (~100 nm in
absolute height) in another 200 min but remained essentially
constant for the next 300 min. At this point, the system was
very close to the linear regime. But, as the viscosity at 113 °C
is very high, close to 10'% Pa-s,%” the amount of flow should
be negligible. When the temperature of the film was raised to
135 °C, the linear regime immediately appeared, with the slope of
the exponential decay corresponding to the zero shear bulk
viscosity.

However, the comparison of the stress level in the lines with o,
can hardly explain the 7§ for films of this high MW. J.° of
PS1571k for the bulk quickly decreases to about 10~*°/Pa,* or
the inverse of the glass modulus, when the temperature decreases
from about 10 deg above Tge t0 Tgeo. At T, it is meaningless to
use eq 4 to obtain g, as such a calculation would produce a stress
even larger than the yield stress of glassy PS at room temperature.
In other words, the surface tension generated shear stress of less
than 1 MPa is much smaller than the o, required for the onset of
non-Newtonian behavior. Therefore, the surface tension gener-
ated shear stress cannot account for the low T observed on the
PS1571k samples.

For such a high MW, it is always a concern whether the film
preparation procedure was sufficient for removing the residual
stress. The terminal relaxation time at 150 °C for PS1571k is
about 6 h, according to eq 3. This relaxation time is much longer
than the nanoimprinting time, which was about 10 min. Soles
et al.?® also noted the possibility of residual stress from unfavor-
able fabrication conditions and then attributed similar fast non-
linear slumping for high molecular mass as seen in Figure 6 to
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residual stress. The existence of residual stress in 1571k-300nm-
rNIL-150C, 1571k-300nm-Peel-115C, and 1571k-300nm-Peel-
155C, whose H-Time measurement is shown in Figure 6, is
possible. However, it will be shown here that the residual stress
is not the main reason to cause the low T, and itis only part of the
contribution to the nonlinear fast slumping in the beginning.

The residual stress can be effectively removed when more
aggressive annealing condition is utilized. Film 1571k-300nm-
Peel-180C and 1571k-300nm-Peel-190C were annealed at 180 °C
for 24 h and 190 °C for 48 h, respectively. These two films
produced almost identical results in both H-Temp and H-Time
measurements (Figures 3 and 6). At 180 °C, the terminal relaxa-
tion time of PS1571k is 9 min, while at 190 °C, it is 4 min.
Therefore, residual stress should have been completely removed
for these two films. Yet, there is only a very modest 2° increase in
Ts, compared with 1571k-300nm-rNIL-150C. And the films still
experienced fast nonlinear slumping upon being raised to 135 °C
after the H-Temp measurement that ended at 130 °C (Figure 6).
These two results strongly suggest that the fast nonlinear slump-
ing is not an aftermath of the residual stress. On the other hand,
the removal of residual stress did prompt an earlier onset of the
linear slumping regime. In Figure 6, the onset of linear slumping
regime for 1571k-Peel-155C was around 40% of relative height
(absolute height at about 100 nm). When the film was annealed at
the lower temperature of 115 °C for 1571k-300nm-Peel-115C,
presumably with a higher level of residual stress, the onset of the
linear regime was brought down to 30% in relative height. When
all residual stress was removed in 1571k-300nm-Peel-180C and
1571k-300nmPeel-190C, the onset of the linear regime was moved
up to 50% in relative height.

The onset of the linear slumping regime is also reflected in
H-Temp measurements. As discussed earlier, measurable slump-
ing in the /inear regime for this high molecular mass PS was only
achieved when the temperature was high, e.g., above 130 °C,
where the stress associated with surface tension overcame the zero
shear viscosity of the film. The slumping by this mechanism is so
slow as to be undetectable near T, i.e., around 100 °C. However,
some combination of driving forces, including residual stress,
enabled the lines to slump, and a major line height decay took
place in a narrow temperature window of 5°—10°. The result was
then a wide temperature window wherein a plateau occurred
between the fast slumping near T and slow slumping in the linear
regime at much higher temperature. In Figure 3, it can be seen
that the plateau level for the 33 nm lines is lower than that of the
300 nm lines. This is reasonable. Even for the 1571k-33nm-rNIL-
195C, which had been annealed in the nanoimprinter for 10 min
and should be without residual stress, the plateau level is only
around 10% in relatively height, or 6 nm. Figure 7 shows H-Time
measurement at 135 °C for 1571k-33nm-Peel-180C, which had
been annealed at 180 °C for 24 h. The onset of the linear slumping
regime is very close to the plateau level in the H-Temp measure-
ment of 1571k-33nm-rNIL-195C, as both films had been sub-
jected to an aggressive annealing process to remove the residual
stress. The viscosity revealed from this linear regime also agrees
with the bulk zero shear viscosity.

From the above discussion on PS1571k, it was shown that
residual stress and surface tension associated stress could not
explain all the slumping behavior. Analysis of the stress from
surface tension does show the possibility of non-Newtonian
behavior at about 10 deg above Ty and beyond. But this low
stress compared with o can hardly explain the low 7 value, as no
non-Newtonian behavior is expected very close to and below the
bulk T,... Residual stress may have been responsible for part of
the fast slumping near T, but even without residual stress, the
lines still slumped quite readily with slightly larger 7.

The other existent slumping driving force that must be further
considered is the spatial confinement effect. For PS1571k, the
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molecular coils should be highly distorted even for lines as wide as
600 nm. Viscous flow might not be the mechanism behind the
slumping occurring at such a low temperature. As temperature
approaches the bulk 7, the distorted chains confined in the lines
may gain enough mobility to rearrange due to the enhanced
relaxation,® thus causing the line to slump.

It is possible to make a film with little confinement effect even
for PS1571k, if the line width is sufficiently large. To this end,
1571k-8um-Peel-180C was fabricated. PS solution was spin-
cast onto the mold with 8§ um wide trenches. Multiple casting
was needed to fill the trenches 1 um in height. The film was
then annealed in vacuum at 180 °C for 24 h. Figure 3 shows the
H-Temp measurement of this film. Other than a 2% kink around
112 °C, the line height remained stable all the way to 147 °C. At
147 °C, H-Time measurement for a short duration of 2 h followed
the H-Temp measurement. The line height was found to relax in
the linear regime, and the viscosity derived, 2 x 10° Pa-s, also
agrees well with that of the bulk (Figure 8).

With the result of PS41k and PS1571k interpreted, the PS220k
data can now be understood. H-Time measurement of PS220k-
300 nm produced viscosity in good agreement with the bulk, as
shown in Figure 8. The low T value, just like PS1571k, is
apparently due to the spatial confinement of the large molecular
coils.

It is worth noting that non-Newtonian behavior, such as shear
thinning, has been used to interpret some behaviors in polymer
thin films. Dutcher et al.>* found that shear thinning made it
possible for holes to grow in free-standing PS films even below T,
for films of high molecular mass. Using the analysis presented in
this paper, one can immediately find that the stress at the edge of
growing holes in Dutcher’s work is much lower than the critical
stress calculated from eq 4. (As the free-standing film is bulklike
from the viscosity point of view, bulk compliance is used in the
calculation as well.) In other words, it is difficult to invoke stress
as the cause for the apparent shear thinning. In addition, the hole
growth was observed by Dutcher in the vicinity of 7, and, in
many instances, below the bulk T,. Shear thinning in this
temperature window is implausible in the case of bulk polymers.
One possible alternative interpretation may involve the spatial
confinement argument presented in this paper. The thicknesses of
free-standing films studies by Dutcher et al. are comparable to R,
of the molecules. Consequently, the molecules may exhibit
enhanced relaxation behavior, which can also facilitate the
growth of holes and flow the material from the holes evenly to
the rest of films.

There are also reports of reduced viscosity compared to bulk as
film thickness decreases.”*?' In both experiments, the observed
reduction in apparent viscosity was interpreted as the existence of
a mobile surface layer. However, in both cases, the stress level in
the thin film exceeds the critical stress calculated from eq 4. Since
the temperatures in these two cases were well above T, non-
Newtonian behavior, such as shear thinning, can be an alter-
native interpretation for the reduced apparent viscosity. In
addition, the films thickness where apparent viscosity decreased
in these two studies compared to the molecular size also invites
the spatial confinement argument.

A further point that can be made is that the mechanism behind
non-Newtonian behavior is commonly thought to be due to the
loss of entanglement as the shear rate exceeds the inverse of the
relaxation time. Loss of entanglement could occur from unfavor-
able chain arrangement.*® For example, one may argue that the
entanglement density is lower for the molecules at polymer
surface as there are no molecules from the free surface side to
penetrate and entangle the molecules at the surface. This type of
loss of entanglement can also cause decreased viscosity. If such
mechanism exists at all, it is not evident in the results presented
here. As can be seen, in the later stage of slumping where the
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viscosity recovers to the zero shear (no entanglement loss) value,
the viscosity agrees with that of the bulk or, in the case of
low MWs, is 1 order of magnitude higher. Therefore, the loss of
entanglement, if any, has nothing to do with the surface. In fact,
the opposite—enhanced entanglement along the surface—appears
to have happened, as the viscosity results of PS15k and PS41k
would suggest. The molecules on the surface may suffer a loss in
entanglement from the absence of molecule above the free surface,
but the improved packing of molecules parallel to the surface, on
the other hand, seems to have more than made up for that loss.

Conclusion

Line gratings with line width as small as 33 nm were fabricated
on PS surface of various molecular masses ranging from below
the entanglement molecular mass to well above. When tempera-
ture was raised through the bulk glass transition temperature, the
lines on the polymer surface began to slump at a temperature 7.
For any given molecular mass, 7, decreased with the reduction in
line width. This trend signals that as the feature size of nano-
structure on polymer surface decreases, the thermomechanical
stability will be compromised. The seemingly simple 7 trend
with grating line width cannot be interpreted as the effect of a
mobile surface layer. In fact, the present work strongly suggests
that the viscosity of the surface is either consistent with that of the
bulk polymer for high molecular mass PS or 1—-2 orders of
magnitude higher than that of the bulk. With this finding and the
relatively high Ty compared with the bulk T,. for the low
molecular mass PS gratings, it can be concluded that the mobile
surface layer does not play a significant role in the decrease of T
with the reduction in structure line width. The surprising high
viscosity found in the low molecular mass PS surface is suggestive
of enhanced entanglement, perhaps from surface induced molec-
ular orientation, which would increase the amount of interactions
per molecule.

In observing the kinetics of the line grating slumping, it was
found that the surface tension induced stress plays a role in the
decrease of Ty. As the line width narrows, the stress caused by
surface tension increases. Qualitatively speaking, when the stress
exceeded some critical value, non-Newtonian behavior resulted
in the form of lowered apparent viscosity. The semiquantitative
analysis shows that the stress induced by surface tension is
capable of causing such non-Newtonian behavior, which may
have produced the nonlinear fast slumping when the stress in the
line gratings was large. Only when the line height reduced to
certain level and the surface tension induced stress became lower
than the critical stress did the linear behavior recover. Since non-
Newtonian behavior is only expected for polymer flow at
temperatures well above T,.. due to the generally low surface
tension generated stress, it might have little relevance to the low
T very close to T.., especially for the high molecular mass PS line
gratings. With careful study of the line grating slumping kinetics,
it was also found that the size of the molecule played a very strong
role. With molecular coils of a given size confined in a narrow
space comparable to or even smaller than the coil size, the
entropic force is expected to rise, giving additional driving force
for the structure to slump. Spatial-confinement-induced mole-
cular deformation could also enhance the relaxation rate, even
quite significantly, which would then allow the nanostructure on
the polymer surface to deform in the vicinity of T...
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