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Swelling-induced morphology in ultrathin supported films of poly(d,|-lactide)
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In this study we describe a surface morphology that arises when ultrathin supported films of
poly(d,l-lactide) are immersed in water. The films are initially flat with a rms roughness of approximately 2
nm. After immersion the surfaces of the films are covered with craters. The craters have a narrow distribution
of sizes and are typically micrometers in diameter. They have depths in the 10—-100 nmimasigeatomic
force microscopy shows that the craters occur as a result of a blistering process, which occurs when the films
delaminate from the silicon substrate. The films buckle away from the substrate to give a nonzero initial
diameter and then the blisters proceed to grow until they reach a maximum size. At any point during the growth
process, the blisters can be made to collapse by removing the films from water. This phenomenon is explained
in terms of a laterally confined swelling film, which has a buckling instability and releases excess strain energy
by wrinkling. An expression for the initial buckling wavelength is extracted using the expressions for a
buckling plate. Information about the mechanical properties of the films and the surface interaction between the
film and substrate can also be obtained by considering the kinetics of blister growth.
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INTRODUCTION responsible for blistering of the polymer film are not unique
to this system and we expect that the blistering phenomenon
Systems that display spontaneous, surface directed, patescribed here could be observed in other polymer/solvent
tern formation have attracted a lot of interest in recent yearsystems.
[1-5]. These types of process can be used to produce struc- The delamination or debonding of coatings from a sub-
tures on the micrometer and submicrometer length scales astrate is important for many applications. This type of phe-
have potential applications for the production of templatesmomenon is important in understanding how paint peels off
for integrated circuits and coatings with tailored optical metal surfaces when damage or corrosion of the underlying
properties[6]. The length scales in these systems typicallysurface takes placg/]. It is also necessary to understand
arise as a result of a competition between two or more difthese processes when producing flexible thin film transistors,
ferent processg2—4]. One of these processes usually favorswhere the multilayers can detach if the device is bent
long wavelength structures while the other favors short oneghrough a small radius of curvatuf8].
When the experimental conditions are adjusted and the sys- Delamination usually occurs as a result of thermal, bend-
tem is allowed to evolve, all the wavelengths initially haveing, or swelling stresses which arise when the coating is
similar contributions. However, as time progresses the comexposed to heat, placed under compressive load, or swollen
peting mechanisms result in the selection of a characteristit a solvent[9,13]. The coatings used often have different
wavelength which grows at the expense of others. physical properties to the underlying substrate. These prop-
In this work we describe how ultrathin films of a low erties include quantities such as the thermal expansion coef-
molecular weight aliphatic polyestépoly(d,|-lactide)] can ficients and Young’'s moduli. The coating may also have a
be made to delaminate from a single crystal silicon substratdifferent swelling response than the substrate to a particular
by immersing them in water at elevated temperatures. A balsolvent. A mismatch in these types of property results in the
ance between the swelling stresses in the unbuckled film ancbating being left in a state of straiextension or compres-
the bending stresses in the buckled part of the film results ision) when the film and substrate are heated, bent, or im-
the selection of a characteristic blistering length. The filmsmersed in solvent.
used in this study were initially flat with a rms roughness of  For the case of bending, if the stresses in the film are large
approximately 2 nm, but when immersed in water the filmsenough to overcome the adhesion forces between the film
blister away from the substrate. When removed from wateand substrate, then the interface between the two materials
and dried the blisters collapse to form craters which havewill fail and the film will start to delaminat€8]. This usually
similar diameters to the original blisters and are tens to huneccurs at a defect on the interface.
dreds of nanometers deep. The procedure of simply immers- When the films are supported on a substrate and either
ing a spun cast polylactide film in warm water therefore rep-heated or swollen in solvent, then the film can expand freely
resents a simple and inexpensive route for the production afut of the plane of the film, but becomes confined laterally. If
structures on some interesting size scales. The mechanisni lateral stresses in the film exceed a critical value, then an
instability is created which causes the coating to buckle away
from the substrate and delaminate.
* Author to whom correspondence should be addressed. Email ad- In both these cases, there exist regions of the film that do
dress: jssharp@sciborg.uwaterloo.ca not initially detach from the substrate and that remain in a
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FIG. 1. (a) The water bath used for swelling the polymer films at
constant temperature consists of a piece of aluminium machined to
fit on top of a Linkam hot stage, which can be filled with water and
covered with a glass cover slip. A T type thermocouple is used to
measure the temperature of the waigm. Samples immersed in
water at 40 ° C buckle away from the substrate to form blisters.
These blisters grow and coalesce until they reach a maximum size.
An AFM image is shown for a 150 nm thick filnisize 10
X 10 um; height 500 nmthat has been immersed for 5 min.

FIG. 2. Samples immersed in water for different times, re-
moved, and dried, show how the blisters grow. Optical micrographs
state of strain. As a result, the newly formed blisters grow tcare shown for 200 nm films immersed in water at 40 °C(8r10
release the excess strain energy. The process of blist&tn, (b) 20 min, and(c) 30 min.
growth has been extensively studied and is well described by
fracture mechanics theori¢8—12]. A wealth of literature is  some of the swelling stresses, so the films grow until suffi-
also available that describes the experimental contributionsient stress in the film has been dissipated and the work done
made to the field and an excellent summary of the observely the stresses in the film becomes insufficient to overcome
blistering morphologies that have been reported to date caine adhesion energy between the film and the substrate. In
be found in the papers by Gioia and Orfi0,11. this sense, the blistering of a viscoelastic film differs from

The circular blistered structures reported in this workthat of the studies of elastic films described by Ortiz and
form a small subclass of the wide range of blistering mor-Gioia. A simplified theory is derived to explain these stress
phologies that have been observed experimentally. Howevedissipation phenomena and to explain why blisters on a film
to our knowledge, this work represents the first incidence obf a particular thickness stop growing.

a swelling polymer film being used to produce a periodic The flow of the swollen polymer also results in an in-
buckling structure. The uniform stress field provided by thecrease in the area of the blistered parts of the film, such that
rapid swelling of the polymer, coupled with weak adhesivewhen the blisters are removed from water they collapse and
forces between the film and substrate, means that the systamrinkle to form craters with a monodisperse distribution of
buckles everywhere on the surface of the film to produce &izes and with similar depths. The craters produced can also
series of blisters with a mondisperse distribution of diam-be made to form well ordered arrays, simply by gently rub-
eters, similar to those predicted by Pomdad]. Residual bing the substrate prior to deposition of the films. The ability
stresses in the unbuckled areas of the film then cause the produce an ordered array of micrometer sized craters by
blisters to grow. However, blistering is not the only mecha-simply immersing a polymer film in water is potentially very
nism by which the films can release stored strain energyexciting and has a number of applications, some of which
Flow of the polymer chains also allows the film to relax have been suggested above.
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ral oxide coating that was typically 1.8 nm thick. The poly-
mer was obtained from AstraZene@d.K.) Ltd. The thick-

ness of the polymer films was measured using ellipsometry.
The range of thicknesses studied was 22—300 nm. Rough-
ness measurements were also taken on the annealed films
using the atomic force microscop@FM) and the rms
roughness typically found to be 0.5 nm.

After annealing, the supported polymer films were placed
individually into a specially constructed water bath. The bath
consisted of a piece of aluminum machined so that it could
be mounted onto a Linkam hot stafgee Fig. 1a)], filled
with water and covered with a glass cover slip. The films
were immersed for different times at a range of temperatures,
so that both kinetic and temperature dependent data could be
obtained. A thermocouple was introduced through a hole in
the side of the bath, so that the temperature could be mea-
sured independently. The temperature stability was found to
be +1°C at 40°C . After immersion, the films were re-
moved and gently dried with nitrogen gas.

The samples were imaged using a Nikon Eclipse ME600
optical microscope and a Digital Instruments Multi Mode
atomic force microscope with a Nanoscope lla controller.
Both were equipped with image analysis software. This al-
lowed for the measurement of both the lateral dimensions
and depths of any surface features. Between 100 and 200
objects were imaged on each sample.

C)

40 RESULTS

n [ ]

—_ 481 . " - In situ AFM of the sample placed in water at 40°C
g 30 - showed that the films were blistering away from the substrate
= o ¢ O 0 < . ) :
5 25 - [Fig. 1(b)]..As time progressed, these blisters grew and coa-
g 8 5.,:: 0 . o lesced until they reached a maximum diameter. An AFM tip
= 20 5;5:'”2 o o o . was used to puncture one of the blisters to test if the films
5 15 gﬁ&p“ were delaminating at the polymer silicon interface. The re-
g g sulting AFM image showed that the difference in height be-
= L tween the bottom of the ruptured blister and the top of the

05 MWasasthp, & & a a unblistered parts of the film was equal to the film thickness.

00 This indicates that failure of the polymer-silicon interface is

0 1o 20 0 40 50 &0 occuring during blister production and that internal failure of
the polymer film is not taking place.
Samples that had been immersed in water and removed
FIG. 3. () Removing the films from water causes the blisters towere observed to be covered with a monodisperse distribu-
collapse and form craters. As the polymer collapses back to thon of craters. The optical microscope, equipped with
substrate, it wrinkles, producing the rings shown in the imélge. IMAGE-PRO PLUSSsoOftware(Media Cybernetics was used to
Measurements of the diameter and depth of the craters were takeneasure the size of the featurésg. 2) and some of the
using an optical microscope and an atomic force microsc@pe. samples were also imaged using the AFMg. 3@)]. The
Crater growth curves. Data are shown for films immersed in watemeasurements taken are shown in Fith)3These include
at 40°C. The film thicknesses shown ar)(50 nm,(O) 100 nm,  the blistering length\, the distance between the top of the
(0) 150 nm, (¢) 190 nm, and M) 200 nm. crater and its base,,, and the distance between the top
EXPERIMENT surface of the film and the crater basg,. In all cases the
blisters on the films were observed to be present everywhere
The polymer used in this study was a low molecularon the surface and had collapsed and wrinkled to form cra-
weight (12 kD3 polyester, called pohd,l-lactide) (PLA).  ters. When imaged with the AFM, the craters were found to
Supported films were made by spin coating the polymer frombe completely lined with polymer, indicating that rupturing
solutions in chloroform on to 1 cmsubstrates of single of the blisters does not occur when they are removed from
crystal silicon and annealing at 40°C for 1 h. The siliconthe water.
used was obtained from Compart technology and had been Growth curves were constructed for the craters by im-
cleaved parallel to thELOQ] axis. Each substrate had a natu- mersing samples of the same thickness in water for different

Time (minutes)
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periods of time at 40°C and imaging them with the opticalwrinkling instability. The second case is very similar, except
microscopgsee Fig. &)]. This was done for films that were that the adhesion between the film and substrate combined
22, 32, 50, 100, 150, 190, and 200 nm thick. with a mismatch in the expansion coefficients of film and
substrate gives rise to the short wavelengths observed.
The analysis in the above cases assumes a soft substrate
DISCUSSION coated by a rigid overlayer. In the work presented here, the
Buckling of confined systems system under study consists of a rigid substrate coated by a
“softer” polymer overlayer. However, the films still buckle
with a wavelength that is much smaller than the size of the
sample.

When a film is immersed in solvent, it swells and can be
freated as an elastic plate with a homogeneous stress distri-
bution in the plane of the plate. The stresses arise because the
film tries to expand but is confined by the substrate. If these
stresses exceed a critical value the film will buckle with a

n2m2E| half wavelength\, that is determined by qonsidering the bal_—
F.= n=123.... (1)  ance between the membrane stresses in the unbuckled film,
12, the bending stresses in the buckled state, and the forces re-
quired to overcome the adhesion of the film to the substrate.

For F<F., the beam remains horizontal and there is no " the case of zero or negligible adhesion forces between
vertical deflection, and fdf =F the beam buckles as shown {he film and substrate, the wavelength is simply determined
in Fig. 4. In this case the critical stress is set by the length oPY @ competition between the membrane stresses in the film

the beam. In practice, the only buckling mode that is excitedf"®@ted by confining the swelling system and the bending
is the first (=1), as this is always the first one reachedStreSSes that arise when the film becomes buckled. The prob-

when a force is applied. However, it is possible to excitel®M can be approached by considering the system as a plate

higher buckling modes by instantaneously applying a largdVhich is held under biaxial loadprovided by the swelling
enough force to do so and by supporting the beam at thgressew in the film). The governing equation is simply

The most familiar buckling problem is that of the thin
beam. This assumes that a beam of lerigth unsupported
and has a forc& applied to the ends of the bealsee Fig.
4). In this case the beam is laterally confined and is stabl
until the force exceeds a critical val&e , which is related to
the lengthl moment of inertia), and Young’s modulu& of
the beam and is given by

deflection node§14]. given by[15]

The theories that deal with the analysis of buckling plates
are well understood and are dealt with in a few specialist Jw _dtwodtw)PwPw
texts[15—17. As well as dealing with unsupported plates, W+2ax2—ay2+ a_y“ _&ﬁJ’Sy&_yzi 2

some authors have considered the case of a plate which is
rigidly attached to a substrafé8,19. In these systems, the
plate/film was applied to a thick substrate and subjected t
some form of stress. Allef18] describes how sandwich pan-

els buckle when an axial load is applied, illustrating that it is _ Eh%/12(1- »?) with E being the Young’s modulus of the
possible for large supported plates to wrinkle with wave- late materialp the Poisson ratio, anldthe plate thickness.

Ien_gths that are much smaller than the length of the pan€ir, o quantitiesS, andS, are the forces acting per unit length
This can occur for stresses that are smaller than the crmca"l1 the plane of the plate, due to the swelling stresses. For a

stress required to buc_kle the whole strgcture. . homogeneous stress distribution these can be rewritten as
Bowdenet al. [19] illustrated that this was possible by S.—S,= oh. Inserting these results into E(®) gives
s .

evaporating a metal layer a few nanometers thick onto on
side of a “thick” PDMS [poly(dimethylsiloxang] film. Dur-

wherew is the deflection of the plate away from the substrate
At the coordinate X;y) and D is the flexural rigidity (or
resistance to bending of the plate, defined asD

ing the evaporation, the temperature of the PDMS film in- Eh’ ‘94_W+2 *w n 34_W

creased, causing it to expand. When the metal coated poly- 12(1—-v2) | ax*  oxPay?  ay*

mer was removed and subsequently cooled, the mismatch in

expansion coefficients between the metal and polymer Pw Pw

caused wrinkling of the gold film with a wavelength that was -0 2 + (9_y2 : ©)

very much smaller than the length of the PDMS substrate.
In the systems described by All¢h8] and Bowderet al.
[19], it is clear that the adhesion of the thin films to the
thicker substrates plays some role in producing a buckle
structure which has a short wavelength and which is formed
at stresses that are lower than those required to buckle the W=w, sin( W_X) sin( W_y)
whole structure. In the first case, the adhesion between the Iy P
sandwich panels and the substrate prevents the sandwich
plates from debonding when placed under load, so that th&he high level of symmetry observed in the blisters allows
mismatch in the Young’s moduli of the two materials causeas to write that ;=1,=\. Inserting these results into E)
them to be compressed by different amounts, giving rise to and rearranging gives

By examination, a solution to E¢3) can be obtained by
Hsing a product of trigonometric functions of the form
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FIG. 4. When a forceF is applied to the ends of a beam it

remains horizontal until the force exceeds a critical vdiye
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where g;, is the strain imposed on the plate in one dimen-
sion. The above form is very similar to that derived by
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FIG. 5. Comparison of the initial diamet&rof the craters with

Pomeay12] for a thin plate under biaxial stress. the predictions of Eq) (dashed lingfor the case of no adhesion.

. The linear Stra'nf,”” can be Wr|tt§:n in terms of the equi- Data were obtained by extrapolating the curves in Fig) ® time
librium volume fraction of solven in the swollen plate, by ;_q The solid line shows the best power law fi().

assuming that the strain in each dimension is the same. Do-

ing this yields the result that, = ¢/3(1— ¢). . It is clear from Fig. 5 that the simple theory correctly

The equilibrium volume fraction of water in predicts the order of magnitude of the blister and subsequent
poly(d,I-lactide) was determined by immersing a bulk crater diameters. However, it does not predict the functional
sample in water at 40 °C and weighing it until there was noform of the dependence of the crater diameter upon thick-
change in the mass. The value obtained at this temperatuffess. The power law that best fits the shape of the data varies
was ¢=0.115. ash~h%¥*instead of the linear form predicted by Ed).

By inserting the above results into Eg) and extrapolat- Adhesion between the film and substrate is likely to affect
ing the curves in Fig. @) to zero time, it is possible to make the blistering wavelength and it is clear that it plays a role in
a comparison between experiment and the simple theory. These experiments because the films remain attached to the
results are plotted in Fig. 5 with the predictions of the simplesypstrate. The swelling of the polymer causes local debond-
theory being given by the dashed line. ing of the film and substrate and some work has to be done to

The main assumptions of this simple theory are that theyvercome the local adhesive forces. This local detachment of
lateral dimensions of the film are very much greater than thegnhe film is believed to be due to defects at the film-substrate
thickness of the plate and that the strain imposed is instantanterface[9]. These localized delaminating sections of the
neously applied and is uniform throughout the plate materialiim behave like small individual plates that are clamped by
The first assumption holds because the lateral dimensions @fe substrate, but which then have this restriction removed to
the films used were typically 1 cm and the thickest samplege allowed to grow. Using energy conservation arguements
used were around 300 nm thi¢k factor of 10 difference.  for the film at the point of buckling, the effective strain en-

The second assumption can only be assumed to hold if thergy per unit area is given by E/(1— v?)]e2h=3[E/(1
equilibration time of the solvent volume fraction inside the _ ;,2)1¢2h— T wherel is the adhesion energy per unit area

film is much smaller than the experimental time scale. Usingyf the film to the substrate.
the approximate expression for the width of the concentra- Thjs reduction in the effective strain in the film would
tion profile x produced as a result of solvent diffusion, cause an increase in the wavelength of the blisters according
to Eqg. (4). So the blistering length is pushed to slightly
higher wavelengths than those predicted by the simple
theory. The increase in the blistering wavelength arises be-
cause the reduction in strain energy means that there is less
h2 energy available to bend the film and short wavelength
D wrinkles have a higher bending energy penalty than longer
wavelength ones. A simple form for the blistering length can-
not be obtained by using a modification of the existing
theory and a more complicated approach is required to de-
scribe the effects introduced by adhesion.

(x?)~Dt,

the equilibration time¢ is given by the equation,

teq™

whereh is the film thickness an® is the diffusion coeffi-
cient of the solvent in the polymer.

The diffusion coefficient of water in PLA at 40°C was
measured by immergjna 1 mmthick film of the polymer in
water and removing it at regular intervals for weighing. The
mass uptake profile was then fitted to a Fickian model and After the initial buckling, the driving force for blister
the diffusion coefficient was determined to be 2.53growth arises because there are still areas of the film which
x 101 m? s™1. Inserting this value in the equation above, remain attached to the substrate and which are still in a state
along with a typical thicknesg00 nm), gives an equilibra-  of strain. Growth of the blister releases some of this strain
tion time of tog~ 103 s. This is much faster than the ex- energy, but also creates more surface. This requires that work
perimental time scale and so the assumption of a unifornbe done to overcome the adhesive forces between the film
stress field at early times holds. and substrate. Local bending stresses in the blistered part of

Growth kinetics
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FIG. 6. The rheological properties of fully hydrated palyi(-lactide) at 40 °C. The data shown are for the rgal (w)] (®) and
imaginary[ G"()](0) parts of the frequency dependent modulus. Inset is the time dependent mBqtjlusbtained by Fourier trans-
forming G’ (w) +i1G"(w) over the frequency range of the data.

the film can be considered small except at the crack tip The relevant time scale for the flow of material in the
where the film is still attached to the substrate. Here thélistering experiments ranges from minutes to tens of min-
stresses are quite high and allow the crack tip to propagatetes. This corresponds to a range of frequencies equivalent to
and produce more free surfa€20]. For the most part the 0.01-0.1 Hz. Figure 6 shows how the rheological properties
contributions from the buckled part of the film can be ne-of fully hydrated PLA vary with the frequency of the applied
glected except to say that the crack tip is allowed to propashear. These measurements were performed on a Rheomet-
gate because of these stress concentrations. Fracture mecheos Scientific SR5000 stress controlled rheometer with a
ics provides a simple expression for the rate of energyone and plate geometry, ugim 1 mmthick sample and a
releaseG with respect to changes in the blister a®®49].  stress of 100 Pa. The inset in Fig. 6 is a plot of the stress

Assuming a circular blister gives the expression relaxation modulu€E(t). This is obtained by Fourier trans-
forming the quantityG' (w) +iG"(w) constructed using the
_ i d_U: EEezh—F 5) data in the main plot of Fig. 6, and is best described by the
2ra da 2 ' sum of two negative exponentials, having decay times of
81.4 s and 556.4 s, respectively.
This equation shows that §Ee’h<I" thenG is negative Assuming that the longer time process dominates the form

or zero and the blister will not grow. This is also the condi-

tion that determines whether or not the film will blister, be- 2500 -
cause if the strain energy is insufficient to overcome the en-

ergy of adhesion the film will not detach from the substrate. 2000
However, when; E€?h>T, the energy release ra@ is al-
ways positive and Ed5) shows that as the area of the blister
increases the rate of energy release also increases. For a filg g0 |
that remains in a constant state of strain, this means that the
blisters will grow until the whole film is removed from the 500 -
substrate. This clearly does not happen, because the crati
diameters shown in Fig.(8) stop increasing after some time
79, Which appears to depend on the film thickness. This is
believed to be due to viscous flow of the material within the
film in response to the applied swelling stresses. It is clear FiG. 7. Comparison of the data collected for the timetaken
that some viscous flow does occur in the films, because thgy the blisters to stop growing with the form of E). 7, shows
base of the craters was always measured to be lower than tfig predicted logarithmic dependence upon the film thickness, but
top of the film, indicating that some thinning of the film had Eq. (6) predicts a cutoff below which blistering should not occur.
occurred during the experiments. This is not observed.

1500 -

conds)

50 100 150 200 250
Film thickness (nm)
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'06 40 1 O hfb (O)
‘% 20 | | o the film is correct, at least on a phenomenological level. The
a 8 © curve clearly shows that there is a cutoff below which the
0 ; 8 blisters should not form or grow. However, Fig. 5 shows that
blistering of the films does occur below 50 nm. The reason

for this is not completely understood.
Using the fit in Fig. 7 it is possible to extract some of the
quantities in Eq(6). The first of these quantities is the relax-
_ ation timeT of the polymer. Doing this gives a value of
FIG. 8. (a) Temperature dependence of crater diameter. As the_ 1650.3 s, which is comparable to the longer relaxation
temperature increases a reduction in the crater diameter is observetﬂne of 556.4 s obtained from the fit to the stress relaxation
Data are shown for 90 nm films that have been immersed in Wateﬁwodulus eX'traCted above
for 5 min. (b) Swelling stresses in the buckled part of the film cause . . . o
the polymer to flow and thin. Increasing the temperature reduces thEigﬂ;eisstehceorzgtig%?Tﬁ;ystl:‘r?ggsgnbeerg(;/bttglaide(;Err?g’tg’rang:j:ﬂ

viscosity of the polymer, so that a greater amount of thinning occur .
for a given stress. The result is a deeper crater when the blistei s I'/E. The value extracted from the fit corresponds to a

_ -5 ;
collapse. Data are shown for 90 nm films that have been immersef@lu€ of I'/E=6.07X10"> m. Using the value ofE
in water for 5 min. for both the crater base-to-top distance,~0-6 Pa obtained for a shearing frequency of 0.1 Hz, the

hy, (M), and the film-to-base distantg, (O). value for the surface energylis=36 wJ m 2 at 40 °C. This
value is small when compared to the surface energy of, say,
of E(t), the decay of stress in the films can be approximated Polymer melt, which typically have surface energies of the
to a single time relaxation process, so th&i(t) order of 10—100 mJ i [21] and is more consistent with
= E, exp(—t/T), whereT is the relaxation time of the system. the interfacial energy of a polymer/solvent interfa@?].
The corresponding strain energy per unit area in the fiim' he measured value does not actually represent a surface
therefore takes the fortd g, an= L Eq exp(—tiT)eh energy; rather it represents the increase in free energy per
strain . . . . .. .
The condition for blister growth is that this strain energy unit area caused by going from having a PLA/silicon inter-

is greater than the adhesion energy between the film an]r@ce to a system where we have PLA/water/silicon, so that

substrate. So the tims, taken for the blisters to stop grow- . _ Ypw Ysw™ Vps» Whereypw, ysw, andy,s are the inter-

ing is given by inserting the time dependent strain energy ir{aCIaI energies .Of the ponmer/w'ater, S|I|ponlwater, and
Eq. (5) and setting the energy release r&do zero. Rear- polymer/silicon interfaces, respectively. This may explain

ranging the resulting expression gives a logarithmic form forWhy the value is low compared to the surface energies of

T as a function of film thickness: polymer melts. .
Temperature dependent studies were also performed.

These involved immersing 90 nm thick films in water at
(6)  various temperatures for 5 min. Each sample was then mea-
sured on the microscodé-ig. 8@)]. The data show that as
the temperature of the water and sample are increased the
A fit of Eq. (6) is shown in Fig. 7. There is good agree- size of the blisters decreases.
ment between the data and the results of @®g. indicating This is consistent with the predictions of Hg) since an
that the simple model used to describe the decay of stress increase in temperature in this material causes an increase in

30 32 K2 36 38 40 42 4 46
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FIG. 11. Orientation of the morphology does not change the
blistering length\. Data are shown for unoriented sampl@s)(and
samples showing the line morphologyl{.

blistered part collapses back down to produce a crater that
extends below the top surface of the film.

As the temperature of the water is increased, the viscosity
of the hydrated film is expected to decrease. This means that
the application of a swelling stress will cause more flow in
the buckled material and will result in a larger amount of
thinning of the buckled part of the film as stress is dissipated.
The net result for a given film thickness is a deeper crater

[Fig. 8b)].

Orientation of morphology

3% 4 It is possible to orient the morphology by rubbing the
substrate prior to spin casting of the film. The rubbing de-

FIG. 10. Orientation of the morphology_ls pos.s'ble' This is scribed here was performed using a cylindrical velvet coated
achieved by rubbing the substrate prior to spin coating the polymer

films. Data are shown fai@) lines (b) squares, an¢c) hexagonally roller atta.Ched .to a dc motor. - .
packed arrays The orientations achieved are shown in Fig. 10. The line

morphology was obtained by simply rubbing the substrate in
. ) one direction, the squares by rubbing in two orthogonal di-
the equilibrium volume fraction of water and a CorreSpond'rections, and the hexagons by rubbing the substrate twice
ing increase in the in-plane swelling strain. This allows theyii 5 60° angle between the rubbing directions. Of the three
film to buqkle with greater amounts of curvature and pushe§yloes of morphology, the most technologically interesting are
the blistering length to smaller values. the lines and square arrays. These structures clearly show
long range order while the hexagonal ordering decays over
much shorter distances.

) ) There is no change in crater size due to the effects of
As well as measuring the diameter of the craters, an AFMphing the substratsee Fig. 11 instead it is believed that

was used to image the topology of the samples. This revealedyping simply introduces some anisotropy into the adhesive
that the craters were typically 10—100 nm deep and that thSroperties of the substrafe3].

depth of the crater could be controlled by changing the film
thickness. The crater depth as a function of film thickness for
samples immersed in water at 40 °C for 5 min is shown in
Fig. 9. The two quantities plotted in this graph represent the The swelling of a polymer film confined by a substrate
distance between the top of the crater and the bage,and can lead to an osmotically driven blistering process. These
the distance between the top surface of the undetached areslisters form with some characteristic blistering length

of the film and the base of the cratlg, . This second quan- which is controlled by a balance between the membrane
tity is nonzero, indicating that the detached parts of the filmstresses in the film, the bending stresses in the blistered film,
experience some viscous flow and that thinning of the filmand the adhesion between the film and the substrate. The
occurs. Thus, when the films are removed from the water, thenembrane stresses in the system are caused by the swelling

Depth of craters

CONCLUSIONS

011801-8



SWELLING-INDUCED MORPHOLOGY IN ULTRATHIN . .. PHYSICAL REVIEW E66, 011801 (2002

of the confined film and the resulting strain can be written insible for controlling the initial blistering length and the
terms of the equilibrium volume fraction of solvent in the growth timer, of the blisters, respectively. The solvent vol-
polymer. In this study, the swelling strain resulted in blister-ume fraction is clearly an easy parameter to control, because
ing on the micrometer length scale. The removal of the blisfor a given polymer a suitable solvent can usually be found
ters from water results in their collapse to produce a monothat swells the polymer by the required amount to produce
disperse distribution of craters that are micrometers inhe strain required. However, the parameter that is not easy
diameter and are between 10 and 100 nm deep. to control is the energetics of the surface interaction between

It is possible to align these craters by simply rubbing thethe swollen polymer and the substrate. This determines if the
substrate before the polymer film is deposited. There is n@olymer will detach from the substrate and if the resulting
apparent change in the crater dimensions due to this procepgisters will grow. By choosing a system where the surface
and it is believed to occur simply as a result of anisotropicinteraction can be tuned, it may be possible to produce these
adhesion caused by the modification of the substrate by thﬁructures using more “processing friend|y" materials.
rubbing process. The ability to align monodisperse objects
that self-assemble with dimensions in the ranges of mi-
crometers and tens of nanometers is potentially very exciting ACKNOWLEDGMENTS
for a number of applications.
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indicate that this phenomenon should be observable in othatiscussions during the course of this work and Dr. K. S.
systems. This would involve finding the correct polymer/Whitehead for the use of the rubbing apparatus. We would
solvent/substrate system. In this study, the equilibrium solalso like to thank AstraZenedd.K.) Ltd., Avecia Ltd., and
vent volume fraction in the polymer was shown to influenceSyngenta for supporting this work as part of their strategic
the initial swelling strain in the films and the viscosity of the research fund and particularly Jonathan Booth for supplying
polymer. These are the physical properties that are respohe materials.
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