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ABSTRACT

The Young’s modulus of polymer thin films was measured from bulk films that are
microns in thickness down to films having a thickness of ~ 6 nm, which is less than the radius of
gyration, Rg. A single, non-invasive technique in a single geometry, i.e. the wrinkling of a free-
floating film on a water surface with a droplet of water on the surface of the film, was used to
determine the modulus over this very large range of film thicknesses. Unlike a solid substrate
there are no in-plane stresses exerted on the film by the underlying liquid substrate except at the
boundary of the film. Using recent theoretical developments in the treatment of wrinkling
phenomena, we extracted the film modulus from measurements of the wrinkle length. The
Young’s modulus does not show any systematic change with film thickness, from the thickest
bulk films down to films with a thickness of ~ R, for both PS and PMMA, although a slight

increase of the Young’s modulus was found for the thinnest sub-Rg thick PS film.



INTRODUCTION

As the size of devices and manufactured structures continues to shrink, the mechanical
properties of thin polymer films, an integral component of many flexible devices, become
increasingly important. The demands for the accurate characterization of mechanical behavior of
solution-processed films have grown, since novel data obtained from delicate structures are
applicable to the state-of-the-art technologies, for example organic semi-conductors, solar cell
devices, coatings, and photoresists. However, whether the static and dynamic properties change
as the thickness of polymer films approaches molecular dimensions or less, is still an open
question. There have been numerous reports on the glass transition temperature (Tg) as a function
of film thickness, as measured by a variety of techniques. >!11720:3:21=30431=355-10° Fach of these
techniques measures a specific property of the film as a function of temperature, under a range of
experimental conditions. Films have been supported on hard and soft elastic substrates where
interfacial interactions have been varied, or they have been suspended in air and supported at the
edges by a hard substrate. Studies of polymer films floated on different liquid substrates with
freely standing conditions have also been conducted to determine the properties of T, elastic
modulus, compliance, strain, viscosity, and viscoelastic dewetting.!!2%-36-40 Films have also been
prepared using a range of different conditions, including solution-casting and thermal annealing.
A broad spectrum of results have emerged with some reports of significant changes in Tgas a
function of film thickness, arising primarily from interfacial (substrate and air) effects that

propagate into the film, while others report little change in the properties of the thin films.

Here, we present measurements of the mechanical properties of PS and PMMA films that
are prepared by spin-coating and are freely floating on the surface of water. Unlike a solid

substrate, a fluid substrate exerts a uniform in-plane stress only at the boundary of the film. We



studied the wrinkling of a free floating circular film on a water surface with a droplet of water
placed on the center of the film. The wavelength and length of the wrinkles were used to
determine the modulus of polystyrene and poly(methylmethacrylate) thin films.*!#243  The
thickness of the films was varied over 2 orders of magnitude, for PS (from 6.8 nm to 993.3 nm),
and PMMA (from 7.2 nm to 545.1 nm) where the molecular weights of the polymers were ~ 10°
g/mol. Consequently, the film thicknesses varied from ~ Rg/2 to ~ 100 Rg, i.e. from sub-
molecular to the bulk. The Young’s modulus did not change with thickness over the large range

of film thicknesses we used in our experiment.

EXPERIMENTAL SECTION

PS (M,,= 97 Kg/mol, M,./M, = 1.06, Rg ~ 10 nm, and T, = 100°C) was purchased from
Polymer Source. PMMA (M,, = 99.6 Kg/mol, Rg ~ 9 nm, T, = 115°C, and syndio:hetero:iso
content was 55:37:8) was purchased from Sigma-Aldrich. Both PS and PMMA were used as
received. The molecular weights of both polymers were selected to be higher than the critical
entanglement molecular weight (PS: 35 Kg/mol, PMMA: 29.5 Kg/mol).* 44 PS and PMMA
were dissolved in toluene (Anhydrous, 99.8%, Sigma-Aldrich) and anisole (Anhydrous, 99.8%,

Sigma-Aldrich), respectively.

To produce smooth, uniform films with the desired thicknesses and minimal defects, spin
coating was used. Polymer solutions were spin-coated onto 3 cm X 3 cm pre-cut polished silicon
wafers with a native oxide layer (2 nm), using spinning speeds from 1000 to 9000 RPM for 60
seconds. The silicon wafer substrates were pre-cleaned using a carbon dioxide snow-jet cleaner
and UV-Ozone treatment (JElight, Model No.342) for 15 minutes. The solutions were filtered

through a 0.2 pm Whatman PTFE filter directly onto the substrate to remove dust and other



impurities. By varying the concentrations of the solution (from 0.6 wt% to 10 wt%) and the
spinning speed, a wide range of thicknesses of films was obtained for both PS (6.8 nm ~ 993 nm)
and PMMA (7.2 nm ~ 545.1 nm). PMMA films were spin-coated in a relative humidity of less

than 20%. The films were dried at ambient conditions to fully remove solvent.

The spin-coated films were then cut into discs of varying diameters (W = 15 mm to 45
mm), using a tungsten carbide cutting tool and floated onto the surface of water. A small water
droplet (0.3 ul) was initially placed at the center of the floating sheet with a glass microsyringe.
Wrinkle patterns were formed rapidly, with the number and length of wrinkles determined in
tens of milliseconds after the water droplet was applied.*? The volume of water was increased in
0.2 wl increments from 0.2 ~ 0.3 pl until the total volume of the water droplet was between 0.9
and 1.1 pl. The resulting wrinkle pattern generated by the drop was captured with an optical
profilometer (Zygo) and a stereo microscope (Olympus SZ 40) equipped with a digital camera
(Nikon D7100). These images were analyzed using ImageJ and Matlab to determine the number
and the length of the wrinkles with high precision. To measure the thickness, the floating films
were retrieved with a silicon wafer, dried completely under vacuum at room temperature, and the
thickness was measured with an interferometer (Filmetrics F20-UV) with a resolution of 1 nm.

Scanning probe microscopy was used to confirm these measurements.

Figure 1 (a-d) shows wrinkle patterns for 669.3 and 6.8 nm thick PS films, and 533 and
16.3 nm thick PMMA films floating on the surface of water after placing water droplets at the
center of the films. For both PS and PMMA, decreasing the thickness, t, leads to an increase in
the number and a decrease in the length of the wrinkles, consistent with previous studies.*!™*

When the sheet is placed on the surface of water, it experiences a radial tensile stress at the

boundary due to the air-water surface tension (y), and is thus everywhere in tension. When a drop
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is placed on the sheet, it exerts a different radial tension at the 3-phase contact line at the edge of
the drop. The leads to a region of compressive hoop stress (0gp < 0) around the drop. If this
exceeds the critical compressive stress threshold for buckling in the azimuthal direction, wrinkles
form in a region a<r<a+L in which a is a radius of a drop and L is the length of wrinkles. For the
thickness range of our films, we are far above this threshold, and the formation of wrinkles
erases the compressive stress in the wrinkled region. Relevant theoretical calculations for this so-

called far-from-threshold regime have been presented elsewhere.*’~4

As we will describe in the next section, the length, L, of the wrinkles depends on the
liquid-vapor surface tension (y), the contact angle of the drop, and the stretching modulus, Y= Et,

where E is Young’s modulus and t is the thickness of a film.*** The number, N, of the wrinkles

2
depends on the elastic properties of the film through the bending modulus, B = Et3/12(1 —A )

where A is the Poisson ratio. Given the film thickness, we can thus determine the Young’s

modulus, E, of the film from two different measurements of the number of wrinkles or their
length in different films. The length of wrinkles is more sensitive to the Young’s modulus than

the number of wrinkles.



Figure 1 (a-d)

(a) PS 669.3 nm ()RS

—

(c) PMMA 533 nm GRS RN

Figure 1. Wrinkle patterns in (a) a PS sheet (669.3 nm), (b) an ultrathin PS sheet (6.8 nm), (c) a
PMMA sheet (533 nm), and (d) an ultrathin PMMA sheet (16.3 nm). Droplet volumes in (a-d)
are 0.9, 0.7, 0.5 and 0.7 pL, respectively. Lengths of scale bars are 1 mm.

DATA ANALYSIS
1. Estimation of the length of wrinkles using a Far From Threshold (FT) analysis of the

wrinkling instability.>



Recent theoretical work has provided the relationship between L and the experimental
parameters in the far-from-threshold (FT) regime of the wrinkling instability. >’ In that work,
the Lamé solution for an annulus under different tensile radial stresses was used to calculate

stress components in radial (or) and hoop (cee) directions to estimate the length of the wrinkles:

L = % (a<t<atL) (1)

Y 3sin*6 1
T Ybath (10 xlnx )3 (2)

where vy is the surface tension of the water drop, ysa 1s the surface tension of the water medium

supporting the floated polymer film, 0 is the contact angle of the liquid drop with the thin film,

(0)
and x = (y/Et). The confinement parameter, t, is defined as t = I y Where 0,9 is the 2D

41,50-52

radial stress outside of the contact line between water droplet and the film. Equations (1)

and (2) were used with x = (y/Et) to calculate the solid line shown in Figure 2(a) and 3(a) where

Eps = 5.9 GPa, 6.8 nm < tps £ 993 nm, y = Ypen= 72 mN/m, and Ops = 88° for water on PS in

Figure 2(a) and Epmma = 4.6 GPa, 7.2 < tpmma < 545.1 nm, ¥ = Ypan= 72 mN/m, and Opmma =

68° for water on PMMA in Figure 3(a). Young’s moduli of PS and PMMA, Eps and Epmma, as a
function of film thickness, t, were calculated applying equations (1) and (2) with x = y/Et in
Figure 2(c) and 3(c), using the Nsolve function in Mathematica to solve for the value of the
Young’s modulus, with the same values for the other system parameters as reported above. Here,

the L/a values for PS and PMMA were obtained using image analysis with Matlab.

2. Estimation of the number of wrinkles by the local A law.*°



When the dominant source for the stiffness against wrinkling is the tension in the film, then a

recent theoretical treatment, which we call the local A law, 4 predicts for the number of wrinkles:

1/2

3)

log(L/r)-1
log (L/7)

N(T) ~ (Tbe;haT)1/4

where r is the radial distance, 7 is the confinement parameter expressed in equation (2), a is the
radius of a droplet, B is the bending modulus, and L is the length of the wrinkle determined using
the confinement parameter, . If this formula is modified to include stiffness due to the
gravitational cost of deforming the water substrate, then:

TV path®\(log(L/r)-1 2q1/4
)( log(L/7) ) (4)

pg+
N(T‘) ~7r ( 4713

B

where the density of water, p = 1000 kg/m? and gravitational acceleration, g = 9.81 m/s?. This
formula depends on radial position; we evaluate it at r = (a+L)/2, that is at half the length of the
wrinkle. We note that the theory is approximate, in that it does not address the elastic boundary
layers at the contact line and the wrinkle tip (r = a and r = L) as we discuss later. Furthermore,
the tension is not uniform in the radial direction, but these formulae make the first approximation
of using the local value of tension rather than including terms that explicitly involve the spatial

gradient of the stiffness. To obtain the lines in Figure 2(b) and 3(b), the parameters, @ = 1 mm,
Eps = 3.4 GPa, Epmma = 3.0 GPa, A= 0.34, ¥ = ypan= 72 mN/m, Ops = 88°, Opmma = 68° for water,
and t = 3.75 ~ 5000 nm for both PS and PMMA, were applied to equations (3) and (4). Further

derivation and details are described in the Supporting Information.

RESULTS AND DISCUSSION

To measure wrinkle lengths, images of the wrinkle patterns were obtained by two

different methods (stereo microscopy and optical profilometry), and were analyzed using Matlab
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to extract the wrinkle lengths. Normalized wrinkle profiles, {(r), determined as a function of the
normalized wrinkle lengths by the two methods, are shown in Figure S1. The lengths track each
other as the variables (thickness, material, drop radius) are changed, but the values of L
measured by the optical profilometer were consistently ~ 10% larger than those determined by

stereo microscopy (Figure S2).

Figures 2(a), 2(b) and 2(c) show the thickness dependence of the length of wrinkles (L),
the number of wrinkles (N), and the calculated Young’s modulus for PS. Three different
diameters (W = 15, 23, and 45 mm) were investigated to eliminate artifacts arising from the
finite size of the sheets in comparison to the wrinkle length. The data from the three sets did not
differ significantly. The thickness of the PS films ranged from 6.8 to 993.3 nm, i.e. from sub-Rg
in thickness to effectively bulk values. The solid line in Figure 2(a) shows the predicted wrinkle
length (L/a) as a function of the film thickness (t), calculated using equations (1) and (2) with Eps
= 5.9 GPa. This trend of the stiffening in glassy polymer films is also suggested by Page et al.,
Tweedie et al., and O’Connell et al.?>>- The deviation of the calculated Young’s modulus, Eps
= 5.9 GPa, from the bulk modulus of PS, Eps=3.4 GPa, may be due to two subtle physical effects
not included in the calculation. The first is that the wrinkles do not end sharply at a point. A
boundary layer where the wrinkle tip meets the flat part of the wrinkle is ignored.*’ Second, the
boundary conditions at the contact line, where the wrinkles meet the edge of the droplet, are
complex and not easily modelled.*> We do not expect these systematic effects to influence the

determination of the thickness dependence of the modulus.
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Figure 2.
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Figure 2. (a) Normalized length of wrinkles (L/a) versus thickness of PS. A solid line is obtained
from equation (1). (b) Number of wrinkles (N) versus thickness of PS. A dashdotted line is
obtained from an equation (3) and a dashed line is obtained from an equation (4). (¢) Young’s
moduli of PS (Ey) obtained via the length of wrinkles versus thickness of PS, measured by

solving equation (1) for Eps.
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Figure 3. (a) °
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Figure 3. (a) Normalized length of wrinkles (L/a) versus thickness of PMMA. A solid line is
obtained from equation (1). (b) Number of wrinkles (N) versus thickness of PMMA. A
dashdotted line is obtained from an equation (3), and a dashed line is obtained from an equation
(4). (c) Young’s moduli of PMMA (E,mma) obtained by the length of wrinkles versus thickness of
PMMA, measured by solving equation (1) for Epmma.
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The results from the wrinkle patterns and the Young’s Modulus obtained for free-floating
films of PMMA sheets are shown in Figure 3(a), 3(b) and 3(c). The thickness of the films range
from 7.2 nm to 545.1 nm with two different sheet diameters (W = 15 mm and 23 mm) being used
to detect edge and finite size effects. Similar to the results for PS films, the normalized length
(L/a) versus thickness (t) results for the free-floating PMMA films, over the entire thickness
range investigated, could be described using equation (1) and (2) in Figure 3(a), with a modulus
of 4.6 GPa. This departs from the bulk value of the Young’s modulus of PMMA, Epmma = 3.0

GPa. Here too, the physical effects described above are not included in the calculation.

The number of wrinkles, N, as a function of film thickness, t, for PS and PMMA are
exhibited in Figure 2(b) and 3(b), respectively. Here, we plot the theoretical predictions using the
bulk values of the Young's moduli for these materials (Eps = 3.4 GPa and Epmma = 3.0 GPa,
respectively). The data are consistent with no change in the Young’s modulus as a function of't,
as shown by the comparison with equation (3) and (4) for calculating the N versus t in Figure 2(b)
and 3(b). The underestimations of the local A law shown in both Figure 2(b) and 3(b) patterns
might be caused by the existence of non-negligible gradients in the substrate stiffness, or the
ignored boundary layers at the unclear wrinkle end (r = L) and contact line between the water
droplet and the polymer film (r = a), which could be significantly varied depending on the

thickness of the polymer films, as seen in Figure 5.

Using equations (1) and (2), the thickness dependence of Young’s moduli of PS and
PMMA was calculated in Figure 2(c) and 3(c), respectively. As can be seen, over the broad
range of film thicknesses investigated from sub-R, to the bulk, the values of Young’s modulus, E,
estimated from the wrinkle length, L, do not show a systematic dependence on film thickness for

PS and PMMA, with at most a slight increase at the smallest thicknesses in the case of PS. We
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will return to these observations, and place them in the context of other data. It is important to
note that the wrinkle pattern measured from the PMMA films floated on water for an hour did
not change with time, indicating that the adsorbed water did not affect the wrinkle patterns or the

Young’s moduli inferred from these data.

For both PS and PMMA thin films, polymers with bulk glass transitions temperatures of
100°C and 115°C, respectively, the Young’s moduli of the polymers as a function of film
thickness determined from the wrinkle patterns (Figure 2(c) and 3(c)) are in agreement with the
bulk values of these polymers in the glassy state. These results indicate that the glass transition
temperature of the thin films, even for films that are less than Ry in thickness, must be much
higher than the measurement temperature. It is remarkable that this holds even for films thin
enough that the polymer chains must be compressed in the direction normal to the film surface.
Previous studies have shown that, in the plane of the film, the R of the polymer is the same as
that in the bulk.® The volume pervaded by a single chain is V, = A<R >3 =A'(M/m)*’b’
where M is the molecular weight of the polymer, m is the monomer molecular weight, b is the
size of a segment and A and A' are constants. The occupied volume of the chain is given by
Vo=(M/m)V,, where V; is the segment volume. The entanglement molecular weight is defined by
the molecular weight where Vo/V, is constant. When the thin films are under strong confinement,
less than R, and if we assume that the average shape of the volume pervaded by the polymer
chain is an oblate ellipsoid in the thin films, then for films of thickness ~ Rg/2, the entanglement
molecular weight is doubled, approaching the molecular weight of the polymers used in this
study. The results from these wrinkling experiments show only a slight increase in the Young’s
modulus for very thin PS films. For PMMA, no indication of a change in the modulus is

observed. If there is a slight increase in the modulus for PS at ambient temperature, this
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indication of stiffer ultrathin polymer films would agree with Page et al. Tweedie et al, and
O’Connell et al.2%>335 Page et al. established a composite model with experimental results,
showing the stiffening effect of polymer films when the thickness of the film is less than 5 ~ 10
R, Tweedie et al. argued that the apparent stiffness increases up to 200% as the contact depth (hc)
of an indentation probe, which induces a hydrostatic pressure under the probe, decreases less
than 20 nm using nanoindentation measurement, while O’Connell et al. reported that the glassy
compliances of 4.2 nm and 9.1 nm of polycarbonate films and 11.3 nm and 17.1 nm of a
polystyrene film were stiffened 2 ~ 2.5 times in freestanding states with the bubble inflation
method.?%33-3° The arguments proposed by, Page et al., Tweedie et al. and O’Connell et al.,
however, would not be expected to apply here, since there is no composite, solid substrate, or
high deformation rate. While the total number of chains contacting the interfaces does not
increase with decreasing film thickness, there is an increased probability that individual chains
span across the film and have multiple contacts with the interfaces. With an increase in the
entanglement molecular weight (based on V,/V,) due to confinement, a stiffening of the confined
polymer chain or an increase in the Young’s modulus for ultrathin films is understandable. It is
even more striking that no change in the modulus was observed for PMMA films close to and

less than Ry in thickness.
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Figure 4.
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Figure 4. (a) Compliance of PS versus thickness, (b) Young’s moduli of PS (Eys) versus
thickness, and (c) Young’s moduli of PMMA (Eymma) versus thickness.
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We also calculated the compliance for thin films of PS and PMMA from the modulus,
and compared these to results in the literature! 161757583960 45 shown in Figure 4(a), 4(b), and
4(c), respectively. To directly compare the data to bulk PS compliance results obtained by Plazek,
all the literature and the experimental data obtained were converted from the Young’s modulus
to the compliance in Figure 4.%° As can be seen, the compliance data obtained from the wrinkle
experiments, for PS and PMMA films with thicknesses from less than 10 nm up to the bulk, are
similar to the glassy uniaxial compliance results, D, converted from the shear compliance value,
J= 3D, for bulk PS by Plazek, ~ 3.1 x 107'° Pa! (indicated by dashed line).>*>%¢! The Young’s
moduli data determined by the length of wrinkles from both PS and PMMA, on the other hand,
show clear deviations from the literature. This indicates that the Young’s modulus of PS
increases when the thickness of PS film is ~ Rg (Figure 4(b)) and the Young’s modulus of
PMMA does not change (Figure 4(c)) as opposed to the data from the literature which indicate a
decrease of Young’s moduli when the thickness of PS and PMMA is less than 25 nm or greater.

111660 We argue that the gentle nature of the capillary force induced wrinkling, i.e. Oy, =
o(r=a)=ty/t ~(y/ t)z/ 3E1/3 <38 MPa,®3 may contribute to these differences, since the

polymer film becomes extremely brittle with a decrease in the film thicknesses (~ Ry) at a point

where the effective entanglement molecular weight starts to increase.’>%? Page et al. also

observed similar phenomena under small strains (¢ £ 5%) with PFSA membranes but our data

do not agree with their model, which suggests that an increase in E occurs for a thickness from 5

~ 10 Ry.20

In addition to the simple wrinkling behavior, different classes of wrinkle patterns were
observed over different ranges in the film thickness. Figure 5 shows the different classes of

wrinkle patterns. Two Fourier modes, i.e. two different frequencies with different amplitudes
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were observed for films having thicknesses t < ~ 50 nm. A cascade of wrinkles wavelengths at
the contact line with the water droplet was observed for films with thicknesses 50 nm <t < 600
nm. A single mode, one wrinkle wavelength with single amplitude, was observed for films with
thicknesses t > 600 nm. The number, amplitude, and length of the different wrinkle patterns
varied with changes in the film thicknesses. These different modes of wrinkling may arise from
changes in the bending rigidity of the film at the water contact line as the thickness is varied. At
present, we do not have a quantitative description of the origin of these different classes of

wrinkle patterns.
CONCLUSION

We measured the number and the length of wrinkles generated by capillary forces in
films of PS and PMMA. From these data we extracted the mechanical properties for film
thicknesses ranging from sub-Rg to the bulk. The mechanical properties for both PS and PMMA
were found to be independent of thickness down to ~ 10 nm, though, for the thinnest sub-Ry
thick PS film, a slight increase in the modulus was observed. We also found the existence of
different classes of wrinkle patterns: a single mode, a double mode, and a cascading of wrinkles

in the vicinity of the contact line between the water droplet and the floating films.
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Figure 5.

Figure 5. Optical micrographs of three different classes of wrinkle patterns on PS: (a) Two
fourier mode (thickness of a PS film (t) £ 50 nm), (b) Single mode with 2N cascades (50 nm < t

< 600 nm) , and (c) Single mode (t > 600 nm). Lengths of scale bars are 1 mm.
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