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The instability of supported poly(methyl methacrylate) (PMMA) thin films in water has been investigated. It is found
that PMMA films partially detach from the solid substrate, resulting in the formation of bubbles under water. The
process is reversible. Surface morphology analysis shows that the radius of curvature of the bubbles is dependent on the
thickness of the PMMA films and is independent of the treatment of the films, such as the annealing temperature and the
annealing time. Theoretical analysis based on a two-layer model (the swollen layer and the interior layer) shows that the
partial swelling of PMMA in water is the physical origin of bubble formation.

Introduction

The stability of ultrathin polymer films has continuously
attracted attention for decades because of the popular application
of these systems in coating technology, the microelectronics
industry, biomedical devices, and emerging nanotechnology.
Frequently, these films are found to be unstable because of the
mismatch of physical properties in the layers of films, such as the
wettability, thermoexpansion rate, Poisson ratio, and so forth. In
many cases, the supported ultrathin polymer films can undergo
morphological variations under external stimuli, such as stress,
heat, light radiation, and solvent vapor. The instabilities may be
exhibited in various forms, such as buckling, wrinkling,
fracturing,' and dewetting.> The instability of a supported poly-
mer film would result in the failure of the polymer film, mani-
fested in fracturing, irrecoverable deformation, and so forth.
However, the instability could be used to investigate the proper-
ties of supported ultrathin polymer films, including mechanical
properties,** viscoelasticity,® hydrodynamics and rheology,” '
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adhesion and failure,!'™'* residual stress,
properties of substrates,'’ 2° and to create micropatterns
and nanopatterns.”> ?° In short, the instability of supported
polymer films is an excellent tool for investigation in polymer
science.

Polymer films are used not only in air but also in nonsolvents or
poor solvents in many cases, such as in coatings on boats and
microfluidics and nanofluidics in water and other solvents. At
present, to our knowledge, there are only a few literature reports
on the unstable phenomena of polymer films in nonsolvents, such
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as bumps®™" and dewetting.** > Poly(methyl methacrylate)
(PMMA) is believed to be a versatile material with potential
applications in biomedical fields as well as in novel fluidic devices
with small dimensions. The behavior of this material in contact
with aqueous solution has been considered to be an important
topic. Recently, there has been quite a lot of attention paid to the
behavior of the PMMA thin film in water because of its
biomedical applications.***” As a poor solvent for PMMA, water
has been found to have a great influence on many properties of
bulk PMMA such as mechanical properties,”™* optical
properties,* electrical properties,*** the glass transition,* and
so forth. Because of its sensitivity to water, PMMA was even used
to prepare a humidity sensor.*’ Furthermore, an interesting
phenomenon was discovered in which a PMMA ultrathin film
can be partially swelled in water.* It was also found that spin-cast
or Langmuir—Blodgett (LB) films of PMMA are poor barriers to
water vapor and to liquid water.*> Thus it is noteworthy to
investigate the instability of PMMA films in water.

In this letter, we adopt various microscopy techniques to study
the morphological evolution of thin films of PMMA in water,
such as the in situ measurement of the film evolution conducted
by atomic force microscopy (AFM) and optical microscopy.
Moreover, the continuum model has been presented to analyze
the physical origin of the morphological evolution of the PMMA
film.

Experimental Section

Materials. Monodisperse PMMA with over 79% syndiotactic
content (M, = 21.4 and 56 kg/mol, polydispersity index = 1.07
and 1.08, and 7, = 121.7 and 116.2 °C determined by differential
scanning calorimetry) was purchased from Polymer Source Inc.
N,N-Dimethylaminopropyltrimethoxysilane (DMAPS) was pur-
chased from Sigma-Aldrich.

Fabrication of Substrates and Supported PMMA Films.
Silicon wafers were used as substrates. To tune the interaction
between the substrate and PMMA film, the substrates were
chemically modified to be rich in silanol groups or were coated
with self-assembled monolayers to be rich in tertiary amino
groups on their surfaces. Silicon wafers were first treated with
oxygen plasma for 30 min and with piranha solution (3:1 v/v
H,S0,4/H,0,) at 120 °C for 1 h to obtain a high surface concen-
tration of silanol groups. (Caution! Piranha solution is extremely
corrosive, and one should be careful when handling it.) Before
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spin-casting with PMMA solution, the silicon wafers were heated
to 130 °C in vacuum for 2 h to remove the water on their surfaces
(so-called “dehydrated” in the following text).

Silica surfaces rich in tertiary amines were fabricated by
functionalizing silicon wafers with DMAPS. The silanol-group-
rich silicon wafers were submerged in a solution of DMAPS in
anhydrous cyclohexane (1.5 mg/mL) under ambient conditions
for 30 min. Then the wafers were rinsed with cyclohexane,
ethanol, and deionized water and sonicated for 10 min. After
sonication, the wafers were rinsed with deionized water once again
and dried in a flow of N,. The wafers were surface functionalized
by tertiary amines, and their surfaces were very smooth (the rms
roughness measured by AFM was 0.326 nm). Before the
spin-casting, the tertiary amino-silicon wafers were also heated
to 130 °C in vacuum for 2 h to dehydrate them.

A PMMA solution in tetrahydrofuran was deposited on the
substrates by spin-casting at a speed of 4000 rpm to obtain the
supported PMMA films. After fabrication, the supported PMMA
films were annealed at different temperatures in vacuum for
different lengths of time. Also, control experiments with films
deposited on substrates without the dehydration treatment were
conducted.

Microscopy. Tapping-mode AFM images were obtained as
soon as possible after water was added to the PMMA films on a
NanoScope IIIA multimode AFM (Digital Instruments). All of
the measurements were conducted under ambient conditions. The
thickness of the PMMA films was determined by AFM after being
scratched with a blade. Optical microscopy measurements were
conducted on an inverted microscope (Olympus IX-71) equipped
with a CCD camera (Andor DV887).

Results and Discussion

The PMMA film was unstable when it was immersed in water.
Under an optical microscope, circular features were observed to
appear and grow in size. An in situ AFM measurement of the
sample in water showed that the films detached from the substrate
to form bubbles (Figure 1a). In general, the bubbles appeared and
grew slowly after water was added. AFM images clearly show the
time evolution of the bubble, and typical images are provided in
the Supporting Information. Once water was removed, the
bubbles disappeared in several minutes, the PMMA films again
became flat and smooth, and the morphology before water
addition was recovered. The typical section profile of a single
bubble is shown in Figure 1b. The profile can be well fit by a
spherical cap model, its dimensions can be characterized by its
height 4 and footprint diameter L, and the radius of curvature R
of the bubble can be fit from these data.

The typical dimensions of the bubbles and a typical time-
evolution curve are shown in Figure 2. The inset of Figure 2a
shows the enlargement of a typical bubble with time and the
saturation of its growth with prolonged soaking. The data of 21
typical bubbles with a film thickness () of 47 nm are displayed in
Figure 2a. The measurements show that the / value of each
bubble increases with its L value, but the fitting of 7 and L using a
spherical cap model demonstrates a constant value of the radius
of curvature, R (~3.3 um). Moreover, R for all bubbles investi-
gated does not change with time evolution, as shown in Figure 2b
in which the solid line is obtained from the theoretical prediction
under the assumption of a spherical cap.

The formation of bubbles in PMMA films under water is a
phenomenon related to the film properties. Experiments were
conducted with films at different annealing times, different
annealing temperatures, and different film—substrate interac-
tions. The data are provided in the Supporting Information, in
which the dimensions (L and /) of bubbles formed in films under
different treatments or surface interactions are displayed. The
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Figure 1. (a) AFM image (20 x 20 um?) of PMMA (M,, = 21.4 kg/mol) bubbles after 186 min of being soaked in water. (b) Typical section
profile of the bubbles. The profile was fit by a spherical cap model, demonstrated by the solid line. The film was deposited via spin-casting onto
the dehydrated DMAPS substrate and annealed at 120 °C in vacuum for 24 h. The thickness of the PMMA film is 47 nm.
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Figure 2. (a) Dimension data of 21 bubbles (2and L) in PMMA films at different observation times. The solid line demonstrates the fitting of
the radius of curvature (R) using the model of a spherical cap for the bubbles. (Inset) Time evolution of the dimension of a typical bubble. (b)
Time evolution of the radius of curvature (R) of the bubble. Each series of symbols corresponds to a specific bubble. Data are sampled with 21
bubbles in total and different water-soaking times. The solid line demonstrates the results of the data fitting (R ~ 3.3 um). The film was
deposited via spin-casting on a dehydrated DM APS substrate and annealed at 120 °C in vacuum for 24 h. The thickness of the PMMA film is 47 nm.

data show that the radius of curvature is independent of the
conditions used for film treatment and surface chemistry. How-
ever, these conditions did affect the kinetics of bubble formation.
Qualitatively, the longer the annealing time and the higher the
annealing temperature, the more slowly the bubbles grow. When
the PMMA films were annealed above their glass-transition
temperature, for example, at 160 °C, bubble formation was hardly
observed during the observation time. If the interaction between
the film and the substrate was weak, for example, when the
substrate surface was not dehydrated, then the growth of PMMA
bubbles was so fast that its kinetics could not be followed by AFM
measurements. These results indicate that the kinetics of bubble
formation relies heavily on the interaction between the film and
the substrate because the longer the annealing time and the higher
the annealing temperature, the more the dehydration treatment of
the substrate enhances such an interaction. This fact is further
confirmed by image analysis, showing that with increasing
annealing temperature the average footprint area of each bubble
decreases, although the number of bubbles increases. This result
indicates that the annealing at higher temperature promotes an
interaction between the substrate and the film so that more
pinning sites are generated (Supporting Information).

From the analysis above, we know that the radius of curvature
of the bubbles is independent of the conditions used for film

Langmuir 2010, 26(11), 7651-7655

treatment and surface chemistry and depends only on the film
thickness. Systematic experiments were conducted with PMMA
films with different original thicknesses. (The film thickness was
measured in air by AFM after the sample was scratched with a
blade.) The data are provided in Figure 3a, showing the dimen-
sions of the bubbles with different film thicknesses (). By fitting
these data using a spherical cap model, the data show that the
radius of curvature of the bubbles increases monotonously with
the film thickness (Figure 3b). These facts indicate that the
morphology of the bubbles is affected only by the original
thickness of the film.

What is the physical origin of this kind of bubble formation? A
supported elastic film will partially detach from the substrate
when the compressive stress in the film is high enough.! The
compressive stress might come from the mismatch in the film such
as an expansion coefficient due to heat or solvent. If the
compressive stress is equibiaxial, then the buckling morphology
will be a blister or bubble." In this study, two possible mechanisms
are considered for the formation of PMMA bubbles: one is the
interfacial tension between water and PMMA, and the other is the
swelling of the PMMA film in water. The lowered interfacial
tension of water/PMMA compared with that of the original air/
PMMA interface should favor more surface area. However,
because PMMA is rather rigid at room temperature, this factor

DOI: 10.1021/1a1004566 7653
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Figure 3. (a) Dimensions of the bubbles on a PMMA film with three different thicknesses: 20 (O), 53 (O), and 95 nm (2). The solid line
denotes the fitting curve based on the theoretical model. (b) Radius of curvature of the bubbles as a function of the original thicknesses of the

PMMA films. The solid line is obtained from the theoretical model.
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Figure 4. Sketch of the supported PMMA film and its deformation process upon water adsorption: (a) layer formation immediately after
water swelling and (b) layer deformation after water swelling for a longer period of time.

is believed to have a minor effect, which is also proven by further
theoretical analysis given below. The second mechanism sounds
reasonable, and there have been experimental reports about it.
For example, Tanaka et al. observed the nonuniform swelling
phenomena of a PMMA film under water by neutron reflectivity
measurments.** They found that, when in contact with water,
PMMA is partially swollen and the film can be modeled as
consisting of a swollen layer and an interior layer that is not in
contact with water. In the current case, the swelling makes the
swollen layer expand more than the interior layer. As a conse-
quence, a mismatch between the swollen layer and the interior
layer builds up and induces bubble formation in the film. To
discriminate between these two mechanisms, a theoretical analysis
has been conducted.

Theoretical Analysis

To understand the physical origin of bubble formation, the
question of what is in the bubble (water, air, or vacuum) should be
answered first. However, this question is difficult to answer only
by the present experiment. On the basis of the following two
arguments, we believe that the space inside the bubbles is filled
with air. First, a previous study show that the PMMA thin film
has good gas permeability and that nitrogen and oxygen can pass
through the PMMA film within a very short time (e.g., a few
microsecond).*® This can easily allow the residual air in water to
pass through the PMMA film. Second, the results of the theore-

(46) Hu, C.-C.; Fu, Y.-J.; Lee, K.-R.; Ruaan, R.-C.; Lai, J.-Y. Polymer 2009, 50,
5308-5313By adopting the data in this reference, the mass flow through a 46 nm-thick
PMMA film is calculated to be 5.1 x 107 m%/s, and the time for air to fill a bubble of
typical dimension (L = 1 um, h = 53 nm) is about 5 ms.

7654 DOI: 10.1021/1a1004566

tical model with the consideration of the presence of air matche
the experiment data well. (Please refer to later text.) According to
the nonuniform swelling phenomena observed by Tanaka et al.,
the supported PMMA film in water can be modeled as two layers:
a swollen layer next to water and an interior layer away from
water and next to the substrate (c.f., Figure 4a,b).** On the basis
of this two-layer model, the misfit strain (¢”) between the swollen
layer (thickness #;) and the interior layer (thickness ;) contributes
to the deformation of the PMMA film (swollen layer + interior
layer) whereas the interfacial tension (a, for the upper surface and
a) for the lower interface) between water and film plays a role
as well.

When the top layer in the PMMA film adsorbs water, misfit
strain will be induced between the swollen and interior layers.
Here, with the small deformation assumption, the strain (&) in the
bending direction is considered to be a function of the z coordi-
nate (Figure 4b) and the strain compatibility equations result in a
linear relation between ¢ and the bending curvature («). The strain
can be expressed as

e =(z—z0)k (1)

in which —¢ < z < t; and z, denotes the position of the bending
axis, which is defined as the line where the bending strain
component is zero. k is the curvature defined as the inverse of
the radius of curvature of the bending axis. Because the shape of
the bubble is a spherical cap (Figure 1b), we have x = R™'. The
elastic stresses (05 and ;) in the swollen layer and the interior layer
can be obtained from Hooke’s law and can be expressed as g, =
Eye; — €¥) and 0; = Eie;, where E is the Young’s modulus and
subscripts s and i identify the quantities related to the swollen

Langmuir 2010, 26(11), 7651-7655
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layer and interior layer, respectively. Here, the 1D model is used
for simplicity, but this approach also holds for the 2D condition.
Compared with the initial planar state, the change in the bending
moment due to buckling will be*’

1 0
AM = / 0s(z—z9) dz+ / 0i(z—z0) dz+ ay(ts — z9)
0 =
—al(li-l—Zo) = — Bk (2)
where B is the bending stiffness,*’

B
3

[(h+t; = 20)* = (h—z0)] +%[(h+[i+ls - z9)°

— (h4ts—20)’] (3)

By solving the equations above, the curvature « can be obtained.
The curvature, which is induced by the misfit strain, is expressed
as

% ay _ dy
e 0B B+ 1= S l1429) + 08}
i o2 + 142082+ 38 +26°)
@)

where o0 = E/E;and 8 = t/t;. The expression clearly shows that «
is a function of the thicknesses of the swollen layer and the interior
layer, the Young’s modulus of the layers, and the interfacial
tension. The thickness (z, = 11 nm) of the swollen layer is adopted
from Tanaka’s work.** An average value of the Young’s modulus
of the swollen layer is taken as 2.0 GPa. The values of the
interfacial tension of the upper surface (a,) and lower interface
() are adopted as 18.1 and 38.5 mN/m, respectively.*® It should
be noted that for all film thicknesses, using the data above, the
value of the bubble curvature due to misfit (the first termin eq 4) is
larger than that due to the interfacial tension: the former is 20
times larger than the latter, and there is no difference in bubble
curvature with and without interfacial tension. This fact indicates
that the influence of interfacial tension can be neglected. There-
fore, we will focus only on the misfit contribution (¢°). First, we
get the misfit strain ¢ from the data in Figure 2b (d = 47nm, R =
3.3 um), and the value of misfit & = 0.045 can be obtained by eq 4.
Assuming that the misfit is the same for all swollen films, the radii
of curvature of bubbles can be calculated via eq 4. The result is
shown in Figure 3b (as the solid line), demonstrating excellent
agreement with the experimental data.

Two alternate models have been considered regarding the
substances inside bubbles. One model assumes that the inside of
the bubble is water, and a three-layer model is used. The other

(47) Choi, S. R.; Hutchinson, J. W.; Evans, A. G. Mech. Mater. 1999, 31, 431—
447.

(48) Kwok, D.Y.; Wu, R.; Li, A.; Neumann, A. W. J. Adhes. Sci. Technol. 2000,
14, 719-743.
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model considers vacuum inside bubble, and air pressure exerted
on the bubbles is considered. Neither of these models provided
good enough agreement with the experimental data, and this gives
further support to the assumption of the existence of air inside the
bubble. (Details of these analyses are provided in the Supporting
Information.)

From the experimental and theoretical analyses, we obtain the
following physical origin of bubble formation in a thin PMMA
film: when PMMA is in contact with liquid water, a small amount
of water is absorbed by PMMA and, as a result, the top layer is
swollen. This swollen layer expands and results in the partial
detachment of supported PMMA films from substrates, as
observed by AFM measurements. The adsorbed water induces
amisfit strain between the swollen layer and the interior layer, and
this strain causes an equibiaxial compressive stress inside the film.
These kinds of stress and misfit strain induce the bending of the
PMMA film, and when it exceeds the binding strength between
the PMMA film and substrate, film detachment happens. There-
fore, the water-swollen induced misfit is the physical origin of
bubble formation in thin PMMA films.

Conclusions

Various in situ microscopy techniques, including atomic force
microscopy and optical microscopy, have been used to study the
morphological evolution of thin films of PMMA in water. Bubble
formation was found when the PMMA film was in contact with
water; moreover, the continuum model has been presented to
analyze the physical origin of the morphological evolution of the
PMMA film. Both experiments and theoretical analysis demon-
strate that the deformation of the PMMA film mainly depends on
the film thickness and Young’s modulus. The theoretical and
experimental results agrees well, and this shows that the water-
swollen induced misfit is the physical origin of bubble formation
in thin PMMA films.
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1. Time evolution of PMMA bubbles in water.

Vertical: 150 nm/div
€ Horizontal: 5 pm/div
Figure 1S The time evolution of PMMA (M,, = 21.4 kg/mol) film morphology in
water observed by in-situ AFM. The observation time is (a) 0 min, (b)
8 min, (c) 24 min, (d) 106 min, respectively. The thickness of PMMA
film is 46 nm. The PMMA film was annealed at 60°C for 24 h.

2. Effect of treatments on the morphology of PMMA film in water

Experiments have been conducted on PMMA films with different treatments, such as
annealing temperature, annealing time, substrate surface treatment. The results
(Figure 2S) show that such treatments affect the kinetics of the morphological
evolution of the bubbles but do not affect their final dimension. As an example, the
following data show the h and L and the fitting of R for three samples of same
thickness but annealed at different temperatures (60, 80, and 90°C).
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Figure 2S Dimension data of bubbles (h and L) in PMMA film samples with
different annealing time. The solid line demonstrates the fitting of the
radius of curvature (R) using the model of spherical cap for the
bubbles, demonstrating the R value of ~3.3 um.

3. Effect of annealing temperature on bubbles’ number and area

The average foot-print area of single bubbles and average number of bubbles are
investigated. Figure 3S indicated that both of parameters are only dependent on the
annealing temperature. With the increasing of annealing temperature, the average
foot-print area of single bubbles decreases while the average number of bubbles
increases. These data show that the bubble formation is strongly dependent on the
binding strength between film and substrates, as annealing enhances binding between
film and substrates.
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Figure 3S The effect of annealing temperature on the foot-print area of single
PMMA bubbles in water. The insert is the effect of annealing
temperature on the average numbers of bubbles. The thickness of
PMMA film is 46 nm.



4. Theoretical analysis if water or vacuum is in the bubble

Case I:  Water in the bubble

If water is in the bubble, there may exist another swollen layer beneath the interior
layer, thus a three-layer (namely, outer swollen layer-interior layer-inner swollen layer)
model should be used. Then the misfit between the inner swollen layer and the

interior layer (which is due to swelling of water) ise”, and the misfit between the

outer swollen layer and the interior layer is—s". Similar to Eq. 4 in the paper, we can

obtain the radius curvature of the bubble in this three-layer system. We assume that
the thickness of the inner swollen layer is nearly the same as that for the outer swollen
layer. The corresponding radius of curvature is shown in Figure 4S (dashed line). It
shows that the three-layer model doesn't agree well with the experimental data as the
two-layer model, indicating that the assumption of water inside the bubble is not
reasonable.
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Figure 4S The radius of curvature of the bubbles as a function of the original
thicknesses of the PMMA films. The dashed line is obtained from the
three - layer model, the solid line is obtained from the theoretical
model for two - layer system.

Case Il:  Vacuum in the bubble

If vacuum is in the bubble, the pressure difference (1 bar) between the exterior and
interior regions of the bubble has a suppression effect on the PMMA film, namely, the
pressure difference prevents the film from bubble formation, while the misfit is in
favor of bubble formation. We establish the equilibrium equations for the bubbles
under the pressure difference, misfit and interfacial tension. The result indicates that
the effect of pressure difference is larger compared to those of the other two factors.
In this case, the formation of bubble will never happen. Therefore, the assumption of

3



vacuum inside the bubble is not reasonable.

According to the analysis above and the result of the theoretical model with the
presence of air in the paper, we believe that the space inside the bubbles is filled with
air.
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