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ABSTRACT: The elastic moduli of ultrathin poly(styrene) (PS) and poly(methylmethacrylate) (PMMA) films
of thickness ranging from 200 nm to 5 nm were investigated using a buckling-based metrology. Below 40 nm,
the apparent modulus of the PS and PMMA films decreases dramatically, with an order of magnitude decrease
compared to bulk values for the thinnest films measured. We can account for the observed decrease in apparent
modulus by applying a composite model based on the film having a surface layer with a reduced modulus and
of finite thickness. The observed decrease in the apparent modulus highlights issues in mechanical stability and
robustness of sub-40 nm polymer films and features.

Introduction. There are numerous technological drivers for
the use of thin (sub-1µm) and ultrathin (sub-100 nm) polymer
films and features. The stability and reliability of these confined
polymer systems are critical to numerous existing and emerging
technologies such as next-generation lithography, lubricating
coatings, sensors, and organic electronics. It is widely accepted
that the physical properties of thin polymer films can deviate
substantially from their bulk counterparts.1,2 However, most
experimental studies have focused on elucidating the thickness
dependence of the thermal properties in thin polymer films,
specifically the glass transition temperature (Tg), as a function
of interfacial interactions and molecular entanglements, often
with conflicting results.1 From a nanomanufacturing perspective,
a direct measure of the mechanical robustness (e.g., response
to deformation) of confined polymers films would be extremely
helpful to determine whether the mechanical properties display
similar deviations from bulk response. For example, it has been
shown that the lack of mechanical strength in polymer nano-
structures leads to deformation and subsequent collapse of the
structures when subjected to capillary forces induced during
solvent evaporation.3 While a number of experimental methods
are available for measuring the mechanical properties of thin
polymer films, including methods based on indentation,4,5

surface acoustic waves,6 and beam curvature,7 adapting these
measurement techniques to ultrathin polymer films remains
challenging. To completely understand how confinement affects
the mechanical properties and response of polymeric materials,
it is critical that a range of experimental and theoretical methods
for measuring the mechanical properties of ultrathin films as a
function of film thickness be made available.

Recent molecular dynamics simulations of deformation in
polymer nanostructures suggest that the elastic modulus of these
structures remains bulklike for thicknesses down to≈40 nm.8

Below this critical threshold, the simulations predict that the
apparent elastic modulus decays dramatically from bulk value

as the thickness is decreased further, reaching 10% of the bulk
value for a thickness of≈7.5 nm. Similar results were obtained
using strain-fluctuation simulations,9 which circumvent the
necessity that continuum mechanics still be valid at such small
length scales. It was also concluded that the elastic constants
become anisotropic in polymer nanostructures. Furthermore,
recent nonequilibrium simulations10 demonstrate that local
dynamic mechanical properties of polymer thin films decrease
due to the presence of mechanically soft layers near the free
surface of the film. These results are consistent with previous
molecular dynamics simulations of the free surface in glassy
polymer films, where a 1.5 nm thick region of enhanced mobility
was observed.11

There are also recent examples in the literature of experi-
mental methods for measuring the mechanical properties of thin
and ultrathin polymer films,5,12,13 the most prevalent being
Brillouin light scattering (BLS). BLS has been used to measure
the elastic constants of both supported14,15 and free-standing16

polymer films and features with thicknesses from 375 nm down
to 29 nm, and it was observed that the high-frequency
mechanical properties did not significantly change at these
dimensions. Probing thinner free-standing films with BLS
becomes difficult due to sample preparation and handing issues,
while BLS measurements on thinner supported films are
complicated by the presence of the substrate interface. To
overcome this issue, a multilayer geometry was employed to
generate alternating interfaces between mechanically dissimilar
materials, poly(styrene) and poly(isoprene).17 BLS results from
this geometry indicate no deviation in the mechanical properties
of either material down to layer thicknesses of at least 16 nm.
However, there are no free interfaces in such a multilayer
geometry; thus, any enhanced mobility at the air interface is
negated. In contrast, wafer curvature experiments have been used
to measure the low-frequency mechanical properties of sup-
ported ultrathin polymer films.7 From these experiments, it was
suggested that the biaxial modulus of a 10 nm poly(styrene)
film decreases by an order of magnitude from the bulk value.
Direct measurements of the mechanical properties of supported
thin polymer films using contact techniques such as indentation
and atomic force microscopy are convoluted by the presence
of the stiff substrate and thus are prohibitively difficult to
perform at this time.
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In this Article, we illustrate a distinctive approach for
measuring the mechanical properties of thin and ultrathin
polymer films. We apply our recently reported buckling-based
metrology18 to measure the elastic properties of polymer films
with thicknesses ranging from 200 to 5 nm. Here, a polymer
film is adhered to a relatively soft elastic substrate and subjected
to a small uniaxial compressive strain. From an energetic point
of view, there are three competing terms associated with this
geometry: membrane strain energy in the film, bending energy
of the film, and near-surface strain energy in the substrate. Long
wavelengths are suppressed due to the large strain energy
associated with deformation of the soft substrate; short wave-
lengths are suppressed due to the sizable bending energy
associated with the stiff film. Thus, the system undergoes
periodic buckling with an intermediate wavelength to minimize
the total strain energy. For an elastic film on an elastic substrate,
the equilibrium wavelength,λe, of buckling is given by19-21

wherehf is the film thickness,Eh ) E/(1 - ν2) is the plane-
strain modulus,E is Young’s modulus, andν is Poisson’s ratio.
The subscripts f and s denote film and substrate, respectively.
Equation 1 can be rearranged to solve for the modulus of the
film:

In this derivation, the buckling wavelength is independent of
the compressive strain as long as a critical strain is surpassed
and the system remains linear-elastic.21,22It should also be noted
that the stress and strain in the substrate decays exponentially
from the interface, with a decay length proportional to the
wavelength. Consequently, the strain energy in the substrate
becomes independent of the substrate thickness when the
thickness is much greater than the wavelength; therefore, the
substrate can be treated as a semiinfinite half space. Thus, by
coupling a film of known thickness to a soft elastic substrate
of known modulus, the compression-induced buckling wave-
length can be related directly to the elastic modulus of the film.

Experimental Section.Polystyrene (PS) was purchased from
Aldrich and used as received. Two different molecular weights
of PS were investigated (Mw ) 114× 103 g/mol,Mw/Mn ) 1.1
andMw ) 1800× 103 g/mol,Mw/Mn ) 1.1), both of which are
well above the entanglement molecular weight (Me) of PS (Me

≈ 13 × 103 g/mol).23 In addition, poly(methyl methacrylate)

(PMMA) (Mw ) 184× 103 g/mol, Mw/Mn ) 1.15,Me ≈ 10 ×
103 g/mol)23 films were also studied. The PMMA was purchased
from Scientific Polymer Products and used as received. All
solutions were filtered through a 0.45µm Acrodisc filter prior
to spin-coating. Poly(dimethylsiloxane) (PDMS) (Sylgard 184,
Dow Chemical Co., Midland, MI)24 was hand-mixed at a ratio
of 10:1 base monomer to curing agent and cast onto glass plates.
The mixture was left at room temperature to allow trapped air
bubbles to escape and then cured at 70°C for 2 h. After cooling,
the PDMS was cut into 75 mm× 25 mm specimens.

To prepare samples for testing, polymer films were transferred
from silicon wafers to the surface of PDMS substrates as
described previously,18 and a compressive strain was mechani-
cally applied to the specimen. Specifically, thin films of PS and
PMMA were first spin-coated from dilute toluene solutions onto
polished silicon wafers. Film thickness was controlled via
solution concentration (0.1-3.0% by mass polymer) and spin
speed (1250-4000 rpm). Film thickness was measured by X-ray
reflectivity (XR). Details of the reflectometer25 and reflectom-
etry26 are provided elsewhere. The roughness of the films,
quantified by XR, ranged between 0.5 and 1.5 nm and exhibited
no systematic dependence on film thickness.27 Films were
transferred onto prestrained PDMS substrates via a water
immersion technique.18 The PDMS substrates were prestrained
by mounting onto a custom-built strain stage fitted with a
mechanical actuator.28 After the film had been transferred to
the PDMS surface, the strain was released almost instanta-
neously (0.5 s) by releasing the locking mechanism on the strain
stage and allowing the PDMS to return to its original length.
The magnitude of compressive strain was constant (ε ) 2.5%)
for all films and thicknesses examined. In all experiments,
buckling was induced at ambient temperature (T ) 294 ( 3
K), and all measurements of the buckling wavelength were also
conducted at room temperature. The modulus of the PDMS
substrates was measured on a Texture Analyzer (model TA.XT2i,
Texture Technologies Corp., Scarsdale, NY) in tension mode.

Atomic force microscope (AFM) images were acquired on a
Digital Instruments Dimension 3100 with a Nanoscope IV
controller (Veeco Instruments, Woodbury, NY) operating in
tapping mode. An average of 10 images per sample were
collected over a 4 h period of time. Image analysis was
conducted using the AFM software as well as a custom script
written in IDL.

Results and Discussion.Figure 1 displays a series of tapping
mode atomic force microscopy (AFM) micrographs that il-
lustrate the decreasing wavelength as a function of decreasing
film thickness as predicted by eq 1. Note the buckling pattern
can be reasonably described as a sinusoidal wave, which is an

Figure 1. AFM height images of buckling patterns of PS films (Mw ) 1800× 103 g/mol) supported on PDMS for a series of film thicknesses (hf).
For all images, the scan size is 7.5µm × 7.5 µm and the height scale is 500 nm.

λe ) 2πhf( Eh f
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assumption in the derivation of eq 1. The amplitude of the
buckling pattern decreases as a function of film thickness as
expected from buckling mechanics for constant applied strain.
In Table 1, we report the buckling wavelength as a function of
film thickness for all materials studied. A cursory examination
of the PS data reveals that the wavelength deviates from the
behavior predicted by eq 1 for a constant modulus, as illustrated
in Figure 2. Equation 1 (dashed red line) overestimates the data
for film thicknesses less than 40 nm. The inset in Figure 2,
spanning a much greater range of thickness, shows that we
recover the expected linear behavior in the thicker films. This
behavior is found for both molecular weights studied. The
dashed line in Figure 2 was generated for a film havingEh f )
4.0 GPa, a reasonable estimate that fits the thick film data well.
Furthermore, the measured wavelength does not traverse the
origin, as one would expect, but rather exhibits an intercept at
film thicknesshf ≈ 2 nm. This suggests that films thinner than
2 nm would be stable and would not undergo buckling (λe )
0). Interestingly, the Kuhn length of PS is 2 nm,29,30 but it is
unclear how this characteristic length scale might factor into
the mechanical behavior of ultrathin amorphous polymer films.

Similarly, we can use eq 2 to convert the PS data in Table 1
to an apparent plane-strain modulus (Eh f,app), as shown in Figure
3. The first salient feature of these data is the presence of a

plateau in the apparent film modulus ofEh f,app ≈ 4 GPa, which
corresponds to a Young’s modulus ofEf ≈ 3.6 GPa forνf )
0.33.31 While the values of reported moduli will be dependent
on the exact processing and annealing history, we find that this
value is in good agreement with results from Brillouin light
scattering of PS films (Ef ) 3.72 GPa)14 and bulk PS (Ef )
3.48 GPa)32 but greater than results from AFM (Ef ) 2.6 GPa)33

and beam curvature (Ef ) 2.5 GPa)7 for similar PS films. Values
reported for bulk tests on PS range from 2.8 to 3.5 GPa.34 There
is a slight disparity (but still within experimental error) in the
plateau modulus for the two molecular weights studied; this is
unexpected as there should be little difference in elastic modulus
at such high molecular weights. We are currently exploring this
issue. The second salient feature is the presence of a transition
in the apparent modulus occurring for film thicknesses less than
30 nm, with decreasing modulus for thinner films. For the
thinnest films studied, the apparent modulus decreases nearly
an order of magnitude compared to those of bulk PS films.35 A
similar order of magnitude decrease in elastic modulus has been
observed by both wafer curvature methods7 and simulations.8,9

This monotonic decrease in apparent modulus (as determined
via eq 2) becomes more pronounced as the film thickness
decreases. Again, this is direct evidence of a breakdown of eq
1 for the thinnest films, as was concluded from Figure 2.

To interpret these data, we propose a composite model having
a surface layer of thicknessδ having a modulus,Eh f

/, different
than the bulk modulus,Eh f. This is a reasonable model consider-
ing that the molecular structure and dynamics at the surface of
a film can be different from that in the bulk.2,10,11The modulus
of the surface layer can be either greater (hard surface) or less
(soft surface) than the bulk modulus. Here, we take the thickness
and modulus of the surface layer to be constant for a given
material system. The effective modulus of the composite film
of total thicknesshf with a surface layer of thicknessδ can be
obtained by the rule of mixture for bending of a plate:

where

Figure 2. Measured wavelength (λe) (9) as a function of film thickness
(hf) for PS films havingMw ) 114× 103 g/mol. The dashed red line
is eq 1 for a single-layer film (Eh f ) 4.0 GPa); the discrepancy between
this dashed line and the data demonstrates the breakdown in the
analytical solution for the thinnest films. The solid blue line is the
calculated wavelength that would originate from a composite model
(eq 5) of a thin film consisting of a bulk (Eh f ) 4.2 GPa) and surface
layer (Eh f

/ ) 0.1 GPa, δ ) 2 nm), demonstrating much better
agreement with data. The inset displays the entire thickness range
studied, but the deviations are more pronounced in the thinner films
(main graph).

Table 1. Buckling Wavelength (λe) as a Function of Film Thickness
(hf)45 for PS and PMMA Materials Studied

114× 103 g/mol
PS

1800× 103 g/mol
PS

184× 103 g/mol
PMMA

hf (nm) λe(µm) hf (nm) λe(µm) hf (nm) λe(µm)

194.7 10.90( 0.10 174.7 9.14( 0.13 116.1 5.17( 0.14
106.6 6.00( 0.07 96.6 5.11( 0.11 81.9 3.67( 0.11
59.7 3.37( 0.12 59.2 3.13( 0.09 46.0 2.00( 0.07
42.6 2.37( 0.12 40.4 2.15( 0.07 34.6 1.41( 0.03
30.7 1.69( 0.05 29.7 1.56( 0.05 23.7 0.99( 0.02
20.0 1.06( 0.04 22.6 1.14( 0.05 10.8 0.38( 0.02
15.3 0.76( 0.02 17.6 0.86( 0.03 6.7 0.21( 0.02
14.3 0.73( 0.02 12.9 0.59( 0.02
6.5 0.28( 0.01 9.7 0.42( 0.01
4.8 0.15( 0.01 5.0 0.14( 0.01

Figure 3. Apparent modulus (Eh f,app) as a function of thickness (hf) for
PS films havingMw ) 114 × 103 g/mol (9) andMw ) 1800× 103

g/mol (b). The solid blue line isEh f′ (eq 3) for a composite film having
Eh f ) 4.2 GPa,Eh f

/ ) 0.1 GPa, andδ ) 2 nm. The error bars represent
one standard deviation of the data, which is taken as the experimental
uncertainty of the measurement.

Eh f′ ) Eh f(1 - δ
hf

)3
+ Eh f

/(δ
hf

)3
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hf
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hf
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hf
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hf
)2
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This effective modulus (Eh f′) should be used in place ofEh f in eq
1 for a composite film:

Using this simple two-layer model, we use the data to fit for
three parameters: the surface and bulk moduli (Eh f

/ and Eh f,
respectively) as well as the thickness of the surface layer (δ).
For the data presented here, the best fit was obtained forEh f

/ )
0.1 GPa,Eh f ) 4.2 GPa, andδ ) 2 nm. The wavelength
dependence on thickness originating from this composite model
can be seen in the solid blue line in Figure 2. Reasonable fits
can be obtained for a surface modulus that is at least an order
of magnitude less than the bulk value. The value ofδ is in good
agreement with the intercept of the measured wavelength vs
thickness (λe ) 0) discussed earlier. As the films become thinner,
the contribution from the surface layer becomes more pro-
nounced; thus, the deviation from the single-layer model (eq
1) becomes larger. We recognize that this two-layer model is
very simplistic and may not capture the complex polymer
physics governing the material properties in ultrathin polymer
films. For example, Torkelson and co-workers36 have shown
that there is a distribution ofTgs propagating away from the
free surface in nanoconfined films and have proposed a gradient
model to describe the dynamics of a fluorescent probe in
ultrathin films. The simple two-layer composite model (eq 5)
appears to be a reasonable first approximation that accounts
for the deviations in the observed buckling wavelength as a
function of film thickness, but this does not preclude more
complex models from being entertained in the future.

Similar to the wavelength data, the composite model (eq 3)
can be invoked to predict the decrease in modulus in ultrathin
films. The solid blue line in Figure 3 corresponds to the
composite bending modulus (Eh f′) predicted by eq 3 for a two-
layer model with the same properties deduced earlier. The
composite model appropriately predicts the decrease in apparent
modulus observed forhf < 40 nm. Several previous studies have
suggested the presence of a mobile, rubberlike surface on PS
films2,37-39 with a thickness estimated to be less than 5 nm,
which is in qualitative agreement with the results from our
composite model. Additionally, molecular dynamics simulations
show a surface region of enhanced mobility that is 1.5 nm
thick,11 in good agreement with our results using the composite
model. Recall from eq 1 that the wavelength is proportional to
the polymer film thickness. Thus, for thick films, the wavelength
(and thus the apparent modulus) is not sensitive to the small
surface region. However, for the thinnest film, this surface region
corresponds to near 40% of the total film thickness. It is in this
region that we are most sensitive to the surface. For films thicker
than 30 nm, this surface layer still exists, but the contribution
is negligible.

To test the broader applicability of this composite model, we
also examined the mechanical response of PMMA ultrathin
films. Unlike PS films, the segmental mobility for supported
PMMA ultrathin films has been found to decrease due to the
attractive interaction between the methacrylate moiety and the
oxide layer on a silicon substrate.40-42 However, for a non-

attractive substrate, there is a net increase in segmental mobility,
which has been similarly attributed to a region of enhanced
mobility at the free surface, although a much weaker thickness
dependence is typically observed compared to PS thin
films.40,41,43,44For PMMA on PDMS, the substrate should be
relatively noninteracting, and thus the buckling should be
sensitive to the mobile surface layer, allowing us to assess the
functional form and consistency of our two-layer model. Figure
4 illustrates the film thickness dependence of the moduli of thin
PMMA films. A similar trend is observed to the PS thin films
described previously as there is a decrease in the apparent
modulus for films less than 40 nm thick. The modulus decrease
is nearly 30% from the bulk, which is greater than expected on
the basis of the minorTg dependence of ultrathin PMMA
films.40,44However, the depression in the modulus for both PS
and PMMA is consistent with the predictions of de Pablo and
co-workers,8,9 which indicate a reduced modulus (Eh f,app/Ehbulk)
that decreases as the feature size decreases with a transition
occurring at ≈40 nm for amorphous polymer films. It is
interesting to note that the simulations also predict a free surface
layer whose properties deviate from that of the bulk material.
Our proposed model to fit the data is consistent with these
simulations. To compare our data to these predictions, the data
from Figures 2 and 4 are replotted in terms of this reduced
modulus. The bulk modulus is taken as the average of the
plateau region in the film thickness data. As shown in Figure
5, the reduced modulus is polymer-independent and decreases
for thin films; both results are consistent with the simulations.
Future work will focus on the universality of this behavior as
well as the temperature dependence of the transition from bulk
behavior as a function of proximity to bulkTg.

Conclusions.We offer a new method for probing the elastic
moduli of ultrathin amorphous polymer films. In our buckling-
based metrology, the modulus-dependent wavelength of the
buckling instability can be interpreted using established buckling
mechanics. However, the apparent modulus deviates from bulk
for films less than 40 nm thick for both PS and PMMA systems.
The mechanical property data are consistent with previous
literature results on supported ultrathin films having a free
surface as measured by BLS, wafer curvature experiments, and
molecular dynamics simulations. An analytical solution for a
composite model comprised of a soft surface layer of finite
thickness and the remainder of the film displaying bulk modulus

ê )
Eh f(1 - δ

hf
)2

+ Eh f
/(δ

hf
)(2 - δ

hf
)

Eh f(1 - δ
hf

) + Eh f
/(δ

hf
)

(4)

λe ) 2πhf( Eh f′

3Ehs
)1/3

(5)

Figure 4. Apparent modulus (Eh f,app) as a function of thickness (hf) for
PMMA films havingMw ) 184× 103 g/mol. The PMMA films display
a decrease in the apparent modulus similar to the PS films. The error
bars represent one standard deviation of the data, which is taken as the
experimental uncertainty of the measurement.

5098 Stafford et al. Macromolecules, Vol. 39, No. 15, 2006



accurately describes the data. The decrease in the apparent
modulus is compelling and highlights fabrication and stability
issues for sub-40 nm features patterned in thin polymer films.
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Figure 5. Reduced modulus (Ehapp/Ehbulk) for the two PS (9, b) and
PMMA (2) materials as a function of thickness (hf). The error bars
represent one standard deviation of the data, which is taken as the
experimental uncertainty of the measurement.
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