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Onset and manipulation of self-assembled morphology in freely standing polymer trilayer films
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We have used reflected light microscopy to study the lateral morphology which self-assembles at elevated
temperatures in films consisting of a polyisopréR® layer capped on both sides by polystyréR&) layers:
freely standing PS/PI/PS trilayer films. Heating of the trilayer films causes the formation of a periodic, lateral
morphology which is driven by the attractive dispersion interaction acting across the film. In our studies of the
temperature dependence of the morphology, we find that the onset temperature for the formation of the
morphology increases with increasing heating rate. By heating the films to temperatures greater than the glass
transition temperature of the PS-capping layers, the morphology is removed. By heating and then cooling the
films, the morphology formed upon heating disappears and reforms at right angles to the original morphology
with a larger periodicity characteristic of the lower temperature. These results can be explained by considering
the time and temperature dependence of Young’s modulus of PS.
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I. INTRODUCTION form via two different mechanisms: they can be nucleated by

. ) . . external perturbations or defects, such as dust or density in-

Thin polymer films with thicknesses of tens of nanom-,mageneities, or they can form spontaneously due to am-
eters are studied extensively for two reasarig:they pro-  piiication of long-wavelength fluctuations of the film sur-

vide an ideal sample geometry for studying the effects Ok;ceq griven by the attractive dispersion interaction between

one-dimensional confinement on the structure, morphologye wo film surfaces. In the case of nucleation, holes with
and dynamics of the polymer molecules, a®l they are (5 R greater than a critical valu@, grow with time, where

used_ extensively .in techn_ological app'lications sych as optic =h/2 [7]. In the case of spontaneous hole formation, holes
coatings, protective coatings, adhesives, barrier layers, a n form in the film due to the interplay between the disper-

packaging materials. The stability of the films is a key isSUejo interaction and the surface tension contributions to the
in all of these studies and applications. For most applicasqe energy(8].

tions, it is necessary to ensure that the film remains stable o, way to improve the thermal stability of freely stand-
within its range of operating temperatures. However, by &Xing polymer films is to add solid capping layers to both film

ploiting instabilities that are inherent to thin polymer films in ¢ f5cés creating a freely standing trilayer fi[8]. Upon

response to changes in, e.g., temperature and applied fielqg, 4ting it is found that a distinctive morphology forms spon-
it is possible to achieve unique applications such asgneqysly in the plane of the film, consisting of long, parallel
multilayer active packagmg.materlals and weII-orde.red, S?”‘domains with a well-defined periodicity. The domains are
assembled morphologies in the plane of the film with¢).med when the capping layers come together to pinch off

micrometer- and even nanometer-length scales. _ tubes of the fluid central layer. This phenomenon occurs for
Thin polymer films can be susceptible to the formation ofy yide variety of material combinations, for both freely

holes when heated to temperatures -that are comparable to Sanding[9] and supported9—11] films, with only two re-

greater than the bulk glass transition temperafliig for  girements: the capping layers must be solid, but thin
which considerable chain mobility is obtained. In the ab-gnq 9 0 be deformable at a temperature for which the cen-
sence of external fields, the instability can be driven by thg layer is in the melt phase, and the dispersion force must
van der Waals or dispersion interaction which can be subpg giractive and large enough to drive the morphology. As
stantial for film thicknesseb <100 nm([1]. For films sup-  giscyssed below, an analysis of the initial stages of the insta-

ported on substrates, it is possible for the dispersion interacﬁi”ty leading to the in-plane morphology showed that the
tion between the two film surfaces to be attractive, such th"’\}vavelength that grows most rapidly is given hy,= @g)\c

the uniform film breaks up into droplets via a process knowng; - \yhere ), is the critical wavelength above which it is
as dewetting2,3], or repulsive, which enhances the stability ¢nergetically favorable for the amplitude of the instability to
of the films [1]. Unsupported or freely standing pOIVmerfgrow with time. Also, the dependence of the wavelength of

films are always unstable to the formation and growth ofihe |ateral morphology,, on the individual film thicknesses
holes at elevated temperaturgs-6], since the dispersion (central layer thicknes®, capping layer thicknesk) was

?nteraction _is always attragtive for this filn_1 geometry which predicted to bex,=L¥4h+2L), and this relationship was
is symmetric about the midplane of the filft. Holes can g6 1o be satisfied for SiEPS/SiQ freely standing films
with 30 nm<h<121 nm and 17.7 nm<L < 30.4 nm[9].
Microscopic self-assembled pattern formation has also
* Author to whom correspondence should be addressed. Electronloeen observed in supported homopolymer films and block
address: dutcher@physics.uoguelph.ca copolymer films that have been heated to temperatures above
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the bulk glass transition temperature and subjected to electric \}\
fields and thermal gradienfd2,13. In general, relatively ?
thick films were used in these studies such that the dispersion T ¢
interaction acting across the film was very small and the h

morphology was driven by the application of external fields.
It has also been shown that tailored micron-scale patterning
is possible without the application of an external electric
field by placing the film in the gap between patterned tem- l: A ;I
plates[14,15.

Recently, we investigated self-assembly and pattern for- FIG. 1. A schematic view of a thin polymer single-layer film
mation in freely standing polymer trilayer films consisting of with a sinusoidal undulation in the air/polymer interfaces.
a thin layer of polyisoprenégPl) capped on both sides by

polystyrene (PS layers, which we refer to as PS/PIPS of the film surfaces that are symmetric about the midplane of
trilayer films. We have demonstrated that the lateral morype film (see Fig. 1, whereq=2/\. The average change in
phology forms at right angles to cracks in the PS layersine free energyAE) can be written as the sum of the average
which can be exploited to produce square arrays of isolateg energy change due to the creation of new area on the

micron-size droplets_ of Pl separated by and encapsulated bgy,, surfacegAE,,) and the average free energy change due
tween the PS capping layef$6]. In the present study, we 0 the dispersion interactiofEqs,:
have measured the dependence on the heating rate of tﬁe ©

—
—

> v
—
—
—

temperaturd ,,secCOrresponding to the onset of morphology (AE) = (AEg + (AEgsp

formation and we have explored the dependence of the sta- N ’

bility of the morphology on the thermal history of the films. - 2y f {1 + }(d_y) }dx— )\}

If the trilayer films are heated from room temperature to N Jo 2\ dx

temperatures greater than the bulk glass transition tempera- \

tureTS for PS, the lateral morphology first appears at tem- __A J (i _ i)dx (1)
peratures much less thdr}, and then disappears at tempera- 12an| J, \h? hg ’

tures comparable t@ 2. The lateral morphology can also be
modified by cooling the films. If a film is heated quickly to a
temperature less thaﬁg, lateral morphology will begin to i . . :
form with a certain wavelength. If the film is then cooled to +2¢ €0Sax N is the unperturbed film thickness, is the

a lower temperature, the original morphology disappears anuamaker coefficient which charactgrlzes the dispersion inter-
a new morphology with a larger wavelength forms at right2ction[1], and(:--) refers to averaging over one wavelength
angles to the original morphology. The dependence gfe )\ of the undulation. In the I|m|§ of small-amplitude undula-
on the heating rate and the changes in morphology obtaindéns ({<ho), Eq. (1) can be written as

upon further heating or cooling of the trilayer flms can be 2 A

understood by considering the time and temperature depen- (AE) = {q_y - —}52. (2)

wherey is the surface tensiory=¢ cosqx is the undulation

in one of the film surfaces, the film thickneds=h,

4
dence of Young's modulus of the PS capping layers. 2 2mhg
The average energy change given by &j.is equal to zero
II. INITIAL STAGES OF INSTABILITIES IN FREELY for a critical value of the wave vect@=q:
STANDING POLYMER FILMS
— 2_77 — L (3)
To understand the initial stages of instability of freely G = Ae Y ayhd

standing polymer trilayer films at different temperatures, we o i

will make use of two calculations from the literature: spon- For wavelengths\> X, it is energetically favorable for

taneous hole formation in freely standing single layer fluigthe undulation amplitude to grow; for<A, it is energeti-

films [8], for which the interactions that determine the naturec@lly favorable for the undulation amplitude to decay to zero.

of the instability are surface tension and dispersion, and

spontaneous morphology formation in freely standing

trilayer films with a fluid central layer capped symmetrically ~ For freely standing trilayer films consisting of a fluid cen-

by layers of a solid materigl], for which the interactions tral layer of thicknessy, which is capped symmetrically by

that determine the nature of the instability are dispersion angolid capping layers of thickneds we consider sinusoidal

the elastic bending of the solid capping layers. For bottindulations cosgx of the film surfaces that are symmetric

cases, we use a linear stability analysis to examine the initié2bout the midplane of the filrsee Fig. 2 where the wave

stages of instabilities in the films. vectorg=2m/\. The average change in the free enefd§)

can be written as the sum of the average free energy change

due to the bending of the solid capping layéndE, ., and

the average free energy change due to the attractive disper-
For freely standing single-layer fluid films of thickndss  sion interaction acting across the entire trilayer film thick-

we consider the stability of sinusoidal undulationsosgx  ness(AEgsp [1,17:

B. Freely standing trilayer films with solid capping layers

A. Freely standing single-layer fluid films
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Pressure gradients within the fluid film produce flow of
=5 the fluid, squeezing the fluid out of the regions where the
L — capping layer separation is decreagéa<0). We assume

ho° E—
— Vv Poiseuille flow with no slippage at the fluid capping layer
£ —> boundaries. This simple fluid analysis is a useful first-order
approximation for a polymer melt at very high temperatures.
|« A » The pressure gradient for the parabolic flow field is
FIG. 2. A schematic view of a thin polymer trilayer film with a —VP-= 2 X (edge stress
sinusoidal undulation in the air/polymer interfaces. ho
2 &v
<AE> = <AEben(} + <AEdiSp> ho edge
_Ye r (dz ) _87.
S 24\(1-d?) dx =Rl (8)
A A( 1 1 x|, (@ wherev is the fluid velocity,v,, is the maximum velocity
127\ (h+2L)? (hy+2L)? ' obtained at the midplane of the fluid filny, is the viscosity,

and thez direction is chosen normal to the film. Combining
whereY and o are the Young’s modulus and Poisson’s ratio EGs-(7) and(8) and the continuity equation which reduces to
for the capping layer material, is the capping layer thick- V-v,,==(3/hg)(d¢/dt)cosqx, we obtain
ness,hy is the unperturbed central layer thicknessshg

+2¢ cosqx is the perturbed central layer thickness, &nd) 2479 gcosqx v2| D(V?)2- A { CosQgx.
refers to an average over one wavelengtf the undulation. h3 m(ho+2L)*
In the limit of small-amplitude undulationg <h,), Eq. (4) 9)

can be written as ) _
We assume that the amplitude of the capping layer defor-

3 . A ) mation depends exponentially on timé-e’”, with time
(AE) = 241 _02)q T omho+ 2)° & (5)  constantr. Substituting this assumed time dependencefor
0 into Eq.(9), we obtain

The average energy change given by Eg).is equal to

zero for a critical value of the wave vectqg: 1247 _ _ Dqf + L (10)
7 h3 a(ho + 2L)*
Qe = 2m = 4‘ /Mv (6) There is exponential growth of the deformation for wave
A Y L(ho +2L) vectorsq<(q., given by Eq.(6). The wave vecton, that

grows most rapidly can be obtained by differentiating Eq.
(10) with respect tay and setting the result equal to zero. We
find thatq,,=q./ {3, with corresponding wavelength

For wavelengths\ >\, it is energetically favorable for
the undulation amplitude to grow; for<i, it is energeti-
cally favorable for the undulation amplitude to decay to zero.

The dynamics of the self-assembly process can be ana- 2 4 oY
lyzed by considering the effect of pressure gradients in the Ap=—2= 4A1—2L3’4(h0+ 2L). (11
central fluid layer in the presence of sinusoidal undulations Gm -0

[9] The pressure in the central fluid Iayer has two contribu- The characteristic growth time Corresponding to the

tions: the pressurBp induced by the dispersion force acting wavelength\,, that grows most rapidly can be obtained by
across the entire trilayer film thickness which drives the morsypstituting the expression fa, into Eq. (10):

phology and the pressui®; due to the bending of the cap-

. . . 3Y 1/2L3/2
ping layers. The pressure on the fluid can be written as - 1877{ p F(ho+ 21)8. (12)
0

[1117_| A(l -
P=Pg+P A
6m(ho+2L)° IIl. EXPERIMENT
D(V)2- ————— |/ cosqx, 7 A. Sample preparation
(VO = s 2Lyt |¢ cosa (7)

Narrow-distribution polystyreneg(molecular weight of

where D=(YL3)/[12(1-0?)], Y and o are the Young's M.=718x10°g/mol and polydispersity indexm,,/M,
modulus and Poisson’s ratio of the capping layer material=1.12 and cis-1,4-polyisoprengmolecular weight ofM,,
andA is the Hamaker coefficient associated with the capping=414x 10° g/mol andM,,/M,=1.06 were obtained from
layer-air interfaces. Polymer Source Inc. The freely standing PS/PI/PS trilayer
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films were prepared in a multistep process using a combina- \
tion of spin-coating and water-transfer techniques. The \
water-transfer procedurd 8] used distilled water produced

by a Millipore system and was performed in a clean environ-
ment(laminar flow cabinet Thin PS films were prepared on
freshly cleaved Muscovite mica substrates by spincoating so-
lutions of PS dissolved in toluene. Solutions with PS mass
concentrations of 1.4% —1.7% were spin coated at speeds of \
3000-4000 rpm to obtain the PS film thickneskessed in ,
this study: 60 nm<L <86 nm. After spin-coating, the PS

films on the mica substrates were annealed in vacuum at Wy
115°C for 12 h. The annealing procedure is performed to \
remove any solvent that may be trapped in the films as well L.

as to allow the chains to relax after the spin-coating proce- .
dure. The samples were then cooled to roopm temper%tﬁre ata FIG. 3. _(Color onling Lgteral morpholqu that has self-
rate of 1°C/min. For each PS film thickness, three or moreassembled n a Lreely standing OPS/PI/PS ”"aygi ﬁi;m.% nrr?,
films were prepared on mica. One PS film was transferrea/iﬁs ant)hgp;r?]r:igee ig?istg;gf t(? 2;}57? rate oB"C/min. The
onto a distilled water surface and then captured on a Si wafer

for subsequent measurement of the film thickness using re- . .
flection ellipsometry. Another PS film was used to create a A custom-built, single-wavelengtiix=632.8 nm, self-
PI/PS bilayer film by spin coating a solution of PI dissolvedNulling ellipsometer was used to measure the PS films and
in heptane onto the PS film on mica. Heptane does not dig?l/PS_ b|Iay§r films that h_ad been transfe_rred onto Si Wz_ifers.
solve the underlying PS film. Solutions with a PI mass con-The film thickness and index of refraction were obtained

centration of 1.2% were spin coated at a speed of 4000 rprfiom the measured ellipsometry angles assuming an isotro-
to obtain the PI film thicknesseb used in this study: Pic; homogeneous film or bilayer film on an underlying sub-
45 nm<h<56 nm. The PI/PS bilayer film was transferred Strate consisting of a 2-nm-thick Si@yer on Si. The index
onto a distilled water surface and captured across a 4-mf refraction values used for Sj@nd Si for a wavelength of
-diam hole in a stainless-steel sample holder, creating &=632.8 nm werensjg =1.460 andns;=3.886-0.02 This
free|y standing PI/PS bi|ayer film. A portion of the PI/PS data flttlng procedure has been shown to yleld excellent fits
bilayer film was transferred onto a Si wafer for subsequent0 the ellipsometry datfl8,19. The absolute accuracy of the
measurement of the PI/PS film thickness using reflection elfilm thickness measurement is approximately 0.5 nm for the
lipsometry. To create a freely standing PS/PI/PS trilayer filmfilms used in the present study.

the water-transfer procedure was used to transfer a third,
identical PS film from mica onto a freely standing PI/PS
bilayer film which was then dried in filtered air. This resulted

in a freely Standing PS/PI/PS trilayel’ film in Wh|Ch the th|Ck- Fo”owing the room_temperature preparation of the free'y
nesses of the PS capping layers were equal. standing PS/PI/PS trilayer films, the films were flat with only
a small number of defects produced by the incorporation of
dust particles and the use of a multiple-step water-transfer
procedure which can produce cracks in the thin PS layers. As
the flat trilayer films were heated from room temperature, the
The lateral morphology which self-assembles in the freelyfilms were observed to wrinkle due to larger thermal expan-
standing PS/PI/PS trilayer films was characterized using resion for the polymer trilayer films than for the stainless-steel
flected light microscopy. The films were placed in a custom-sample holder and a lateral morphology consisting of a peri-
built hot stage on an Olympus BX-60 optical microscope.odic banded structure was observed to form in the films. In
The optical microscopy images were collected using a Son¥ig. 3 is shown an optical microscope image obtained at
XC-70 three-color charge-coupled-devig@CD) camera in- =95°C for a freely standing PS/PI/PS trilayer film that was
terfaced to a Flashpoint frame grabber and analyzed usinigeated from room temperature at a rate28fC/min. The
Image Pro Plus software. lateral morphology consists of a periodic, banded structure
To observe the formation of lateral morphology, the filmsthat contains regions in which the PI thickness is less than
were heated from room temperature to an elevated temper#iat in the original trilayer film“pinched-off” regiong that
ture T<Tg:97°c for PS. Typically, the heating rate was are separated by regions in which the PI thickness is greater
fixed at a constant value ranging from 0.586C/min, but  than that in the original trilayer filniPI “tubes” (see Fig. 2
some films were placed into the preheated optical micro- For freely standing PS/PI/PS trilayer films that were
scope hot stage to achieve the fastest possible heating rateeated quickly to an elevated temperatilire T , the bulk
Films were also subsequently heated to higher temperatureggass transition temperature for PS, undulations in the PI
or cooled to lower temperatures to observe changes in thiayer formed with a wavelength which decreased with in-
lateral morphology. The heating and cooling rates are specereasingT. In Fig. 4 are shown the measured wavelengths of
fied below for each of the samples discussed. the lateral morphology as a function of temperature for PS/

.

IV. RESULTS AND DISCUSSION

B. Experimental procedures for the measurement
of lateral morphology
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FIG. 5. (Color onling Optical microscope images for two freely

PUPS  tilayer films  with 45 nn(h<_53 nm and standing PS/PI/PS trilayer film&=50 nm,L=60 nm). Both films
73 nm<L<79 nm that were heated to different tempera- )
were heated from room temperature at a ratel®C/min. The

tures by placing the samples into the microscope hc.’t Stagfhage in part(a) was captured immediately after reachifig
that was preheated to the target temperature. There is €SSelynec, and the image in pafb) was captured immediately after

tially no change in theowavelength of the lateral morphologyreaching T=100°C. The width of each image corresponds to
for temperature§ <75°C. 127 pm.

If a film was held at the elevated temperature for an ex-
tended time, the amplitude of the undulations in the PI layer _ . . o
was observed to grow with time, leading to the formation of mage F, the f'".“ IS _remark_ably _unlform in color, |nd|ca_t|r)g
distinct Pl tubes separated by re’gions in which the separatic at the undulations in the film thickness that are most visible
between the two PS layers was very small. Once the laterd] 'Mage D h_ave essentially been removed at .the higher tem-
morphology began to form with a particular wavelength perratl_Jrri.Tlrg |rtT11a|ges 'i G,bantride ior;ersrﬁongéng rtov\}eirr’]n[iﬁra-
characteristic of a particular temperature, the wavelength digres , NOJES are observed 1o form and gro €
not change measurably upon further heatifuy T<Tg of central Pl layel{20]. The variation in intensity from top to

P9, with the amplitude of the undulations in the PI layer bottom in image B is due to.the presence pf a I<_)ng—
wavelength wrinkle which forms in the polymer trilayer film

?rgezﬁg]v%nwggr t'tr\?v% Itr:ilzl%r S%iI?np;Ef; ! eTIiL?(':SISr? gses érgqagesas it is heated due to differential thermal expansion between

=50 nm and_=60 nm thatyhave both byeen heated at a SIOWthe film and stainless-steel sample holder. A time sequence of

rate of 1°C/min and differonly in the maximum tempera- optical microscope images, from yvhich the images in Fig. 6

ture reached: 90°C for the film in Fig(&, and 100°C for have been selected as a subset, is also availdahjeBelow,

the film in Fi:q 5b). The domains are mére distinct for the e describe our measurements of the onset of the formation

film heated to the higher temperature than for the film heate((:i)f lateral morphology formed by heating the films at a con-
gtant rate and the disappearance of the lateral morphology

o the lower temperature, However, the wavelengths of th upon further heating, as well as the disappearance and refor-
two morphologies agree to within 10%, which is the mea- P 9 P

sured sample-to-sample variation in the wavelengths megnation of the lateral morphology upon cooling. All of these

sured for different identical films heated to the same tem-reSUItS can be understooq In terms of the time and tempera-
perature. ture dependence of the viscoelastic properties of the PS cap-

A sequence of optical microscope images is shown in Fig.plng layers.

6 for a freely standing PS/PI/PS film that was heated from
room temperature at a constant heating ratel € /min.
With increasing temperature, the lateral morphology appears For films heated from room temperature at different con-
(images B and Cand then disappeargmages E and fFIn  stant heating rates, the lateral morphology was observed to

A, (um)
(o)}
+—@—H

2 T T T T T T T
656 70 75 80 85 90 95 100

7(°C)

FIG. 4. Measured wavelengiy, of the lateral morphology ver-
sus temperaturg@ for a series of PS/PI/PS freely standing trilayer
films which have PI thicknesses 45 mnin<<53 nm and PS thick-
nesses 73 nrRIL <79 nm. The solid symbols correspond to data
collected for films heated quickly from room temperature to the
temperature indicated on the plot. The open symbols correspond to
data collected for films heated from room temperature at a rate of
4°C/min toT=96°C, held aff=96°C for 5 min, and then cooled
at a rate of4°C/min to T=75°C. The solid curve was obtained
from an analysis of the data presented in Figs. 9 and 10, together
with Eq. (11) (see text for details

-

o

A. Onset of lateral morphology upon heating
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FIG. 7. Average blue channel intensity versus temperature for
the optical microscopy images corresponding to the same trilayer
film as in Fig. 6. The error bars indicated for each data point cor-
respond to the standard deviation of the blue channel intensity in
the optical image. The letters refer to the specific images shown in
Fig. 6, indicating the formation of the lateral morpholo@)), the
disappearance of the morphology), and the formation of holes in
the central Pl laye(G).

channel in Fig. 7 for the same PS/PI/PS trilayer film as in
Fig. 6. We chose the blue channel because the intensity val-
ues plus or minus the standard deviation of the intensity
values did not reach the maximu@55 or minimum (0)
intensity values over the entire temperature range for all of
the samples.

For a series of freely standing PS/PI/PS trilayer films with
h=56 nm andL=85 nm heated at different constant rates,

FIG. 6. (Color onling Optical microscopy images of a PS/PI/Ps We have computed the average variance per pixel as a func-
freely standing trilayer filmh=56 nm,L=85 nm) that was heated tion of temperature for optical microscope images collected
from 50 to 110°C atl°C/min. The vidth of each image corre- at regular temperature increments. The average variance ver-
sponds to 255:m. The letters correspond to specific temperaturessSus temperature is shown in Fig. 8 for the same PS/PI/PS
A, 66°C; B, 87°C; C, 90°C; D, 94°C; E, 97°C; F, 102°C; film as in Fig. 6. Initially, the variance is small, since the
G, 109°C; H, 110°C. images are of uniform color, corresponding to uniform film

thickness. At higher temperatures, two peaks are observed in
form at a temperature that increased with increasing heatinthe average variance: the peak observed-a5°C corre-
rate. To obtain a reliable measure of the onset temperaturgponds to the formation and disappearance of the lateral mor-
Tonset Of the lateral morphology, we have calculated the av-phology and the peak observedTat 109°C corresponds to
erage variance of the blue channel content of a series dhe formation and growth of holes in the central PI layer.
optical microscope images collected at regular temperaturBiscontinuous jumps in the average variance, such as those
increments during the heating of the films. For each pixel inobserved forT=93°C and 107°C in Fig. 8, are due to the
the image, the average variance is computed as the sum ofanual refocusing of the optical microscope during the ex-
the squares of the difference between the intensity value fgperiment. For each filnil,,sc;Was determined from the low-
that pixel and those of its eight nearest-neighbor pixels, ditemperature peak in the average variance by fitting straight
vided by the number of nearest-neighbor pixgdg]. For a lines to the data for temperatures below and abQyg..(see
film of uniform color, the average variance is zero. However,inset to Fig. 8. The average values of thi,s.;values ob-
if there are short-range variations in the intensity of lighttained at each heating rate are plotted as a function of heating
with position in the image, the average variance is greaterate in Fig. 9. The error bars correspond to the standard de-
than zero. To select the best color channel for the calculatiomiation of theT,,s;values measured for that heating rate. An
of the average variance, we plotted the 8-bit intensity valueincrease inl,,¢:0f about 10°C was observed as the heating
of each color channel measured using the CCD camera, toate was increased by a factor of 4. Additional measurements
gether with the standard deviation of each intensity value, as/ere performed for a heating rate ®f C/min, but formation
a function of temperature for each sample. A representativef the lateral morphology was obscured by hole formation in
plot of intensity versus temperature is shown for the bluethe central Pl layer at this rapid heating rate.
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50 60 70 80 90
T(C)

60" ' T T D_" T ] long-wavelength variations in intensity, the contribution of
T o such intensity variations to the average variance is sfaaé#
50| 20 onset); i ] Fig. 8. Therefore, a sensitive measure of the onset of the
® 15 ol lateral morphology from the average variance data can be
S a0l 10 ) ;' v B obtained even if there are wrinkles in the film.
2 ! c . ‘,/ G To understand the changeTg,seias a function of heating
S 30l 8 %0 \ . l ] rate, as well as changes to the lateral morphology observed
oy A B ,, . ~ by changing the temperatufiepresented below, it is neces-
g 20| « L E i sary to consjder the effect of changiffgon the stiffness of
z \ \ 4 . ‘ T the PS capping layers. In the calculatlon_ presented abO\_/e for
1ol v/ u M th_e formanon of lateral morphology in freely standmg_
trilayer films, it was assumed that the central layer was fluid
100

. and the capping layers were solid at the temperature of the
experiment. Although it is a good approximation that the
central Pl layer is a viscous fluid at the temperatures of in-

terest (well above the glass transition temperature of
FIG. 8. Average variance per pixel of the blue channel intensity——70°C for P), the Young’s modulug’ of the PS capping

versus temperature calculated for the same trilayer film as in Fig. Glayers can be a strong function of both the temperature and
The letters refer to the specific images shown in Fig. 6, indicatingjme scale of the experiment. In gener¥l,increases with

the formation of the lateral morpholog), the disappearance of e craasing time scale and temperature. Fuijita and Ninomiya
the morphology(F), and the formation of holes in the central Pl

| G) The inset sh th . time for th 23] have measured Young’s modulMdor polystyrene with
ayer (G). The inset shows the average variance versus time for thg, 1o 1ar weightM,, = 183x 10% for different temperatures
onset of the lateral morphology, together with straight line fits to the .., . ; o .
L within the range 79° & T<155°C and for a range of times
data above and below the onset temperaliyg; which is indi- . - "
. 60 s<t<6000 s. Using time-temperature superposition,
cated by the vertical arrow.
they constructed a master curve Yift) at a reference tem-
The average variance technique for measuring the ons@erature ofT=135°C. We have used their master curve of
of the formation of lateral morphology is sensitive to short-Y(t) to generate curves of lggY(t) versus logo t at differ-
range variations in the intensity in the images, since intensient temperatures, as shown in Fig(@Q24]. _
ties in neighboring pixels are compared, and therefore it In the initial stages of lateral morphology formation, the
works very well for images such as those shown in Fig. 6 inmorphology grows or decays with a characteristic time scale
which the wavelength of the morphology is much smaller7 given by Eq.(12). In the temperature range corresponding
than the lateral extent of the field of view. Changes to thelo the present experiments, the dependenceaf tempera-
intensity due to the formation of long-wavelength wrinkles ture is determined primarily by the temperature dependence
in the film caused by differential thermal expansion betweerpf the Young's moduluy of the PS capping layers and, to a
the polymer trilayer film and the stainless-steel sampldesser extent, the temperature dependence of the viscosity
holder can produce large variations in the average intensityy of the Pl layer. For Pl aT=95°C(which is 165°C above
corresponding to the large standard deviation of the bludg), @ 20°C decrease in temperature produces only a factor
channel intensity for temperatures 8020 <90°C in Fig. ~ of approximately 1.9 increase in the viscosity, based on the
7. Despite the presence of large standard deviations due Williams-Landel-Ferry (WLF) parameters forcis-1,4-PI

[25]. By neglecting the small temperature dependence, of

g5 [ ' ' ] rearranging Eq(12) for Y, and taking the base-10 logarithm,
% we obtain
90 .
10910 Y(T) =2 log;o 7(T) = 2 log;o C, (13
Q 85 .
3 where C contains the terms that do not depend strongly on
s temperature. From E@13), we can see that a plot of lggY
80 | . versus logy 7 has a slope of 2.
In Fig. 1Qb) are shown ther(t) curves corresponding to
the measured st vValues shown in Fig. 9. Each data point
wr T corresponds to the intersection of a vertical line indicating
0 ' 1 ' 5 the experimental time scalgaken to be the inverse of the
Heating Rate (°C/min) heating ratg and theY(t) curve corresponding to the mea-

suredT,,set Value (obtained by time-temperature superposi-
FIG. 9. Temperature,,c.corresponding to the onset of lateral tion from the data inf23)). A line of slope 2, as predicted
morphology as a function of heating rate. The error bars correspondsing EQ.(13), is also shown. Reasonable agreement be-
to the standard deviation of tf&,,scvalues measured for multiple tween the measured data and the line of slope 2 is obtained,

samples for each heating rate. corresponding to a change in Young's modulus of about a
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g 86.3C |
8- ]
91.6°C
7 f T
1 2
(b) logy, t
FIG. 10. (a) log;-log; o plot of Young's modulusy of PS in Pa FIG. 11. (Color onling (a) Lateral morphology which has

as a function of time in seconds for different temperatures, derivedormed in a freely standing PS/PI/PS trilayer filh=49 nm, L
from [22]. (b) An enlargement of the portion of the plot in pgay = /3 M that has been heated 16=96°C at a rate ofi°C/min.
indicated by the dashed lines. Each data point corresponds to thehe width of the image corresponds to an. (b) Lateral morphol-
intersection of a vertical line indicating the experimental timescale®9y observed for the same film as in peat after cooling the film
(inverse of heating rajeand theY(t) curve corresponding to the t0 T=75°C at a rate o#t°C/min. The image wasollected after
measured value 6f s The straight line has slope 2. 30 min atT=75°C. The width of the image corresponds to/&f.

4 further heated to temperatur?éyTg for PS, holes form
and grow in the central Pl layer.

If instead the polymer trilayer film is cooled to a low
temperature after the lateral morphology has begun to form
B. Changes to the lateral morphology upon further at a high temperatur€<T &, we observe that the morphol-

heating and cooling ogy characteristic of the ?ﬂgh temperature disappears with

time, while simultaneously a new morphology forms at right
angles to the original morphology with a larger wavelength

After the lateral morphology has formed in the freely characteristic of the low temperature. An optical microscope
standing polymer trilayer films at an elevated temperatureimage of the lateral morphology observed after heating a
we observe large, qualitative changes to the morphologyreely standing PS/PI/PS trilayer film Io=96°C at a rate of
upon further heating or cooling of the films. If the polymer 4°C/min isshown in Fig. 1{a). The film was then cooled at
trilayer film is heated to a temperatufe>T 2 after the lat- a rate of 4°C/min to T=75°C, and after 30 min af
eral morphology has formed, the lateral morphology disap=75°C, the optical microscope image shown in Fig(bll
pears with time(see the images of Fig.) 6Specifically, the was obtained. In Fig. 1), both the original morphology
color of the film becomes uniform, indicating that the total characteristic off=96°C, with the smaller wavelength run-
film thickness is uniform in the plane of the film, just as it ning diagonally from the top left to the bottom right, and the
was following the preparation of the trilayer film. As the film new morphology characteristic G=75°C, with the larger

factor of 10 for the time and temperature ranges of the me
sured onset of the lateral morphology.

1. Experimental observations
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wavelength running diagonally from the top right to the bot- TABLE 1. Typical parameter values for PS/PI/PS trilayer
tom left, can be seen. films.

2. Discussion Parameter Symbol Value

To understand the experimental observations presentgq, aker coefficiefit A 10719 3
above, we modify the linear stability analysis presented ifbs surface tension A=105°C  y(T=105°C) 35 mN/m
the Introduction to account for the time and temperature de- ~ "
pendence of Young’s modulug of the PS capping layers. Pl thickness h 50 mm

Specifically, we allow for three contributions to the free en-PS thickness L 50 nm
ergy of the freely standing polymer trilayer systefh) the ~ PS Young’s modulds Y 1.8x10° Pa
creation of new surface, as determined by the PS surfadeS Poisson’s ratio o 0.3
tension,(2) the bending of the PS capping layers, &8jthe  Ratio of PI viscosity alf=75°C 7 (T=75°C)/ 2.4
dispersion interaction acting across the total film thicknessto that atT=105°C 7(T=105°Q

In the presence of sinusoidal undulatiohsosgx in each , =
outer film surface, symmetric about the midplane of theaTypmaI value of the Hamaker coefficient for the vacuum/PS/

. . . . “vacuum interfacg26].
ter:s;/%rf ilkl‘rg Si?er':r:giézgi\tlgi i\;/erage change in the free en IDYoung’s modulus alf=75°C and times<10° s [23].

‘Calculated using WLF parameters for [25].
<AE> = <AEsurf> + <AEbent> + <AEdisp>

> A 1/ dv\2 sufficiently small viscosity that they can flow in response to
=2y f {1 +_<_y) }dx— N the surface tension, such that the important contributions to
N Jo 2\ dx the change in the free energy are the surface tension and the
VE N dy\2 dispersion force terms in Eql14). This high-temperature
by f <—> dx case corresponds to the situation considered in the Introduc-
240 (1-0%)| Jo \d¥® tion for freely standing single-layer fluid films, and in the
A A 1 1 limit of small-amplitude undulation& <h,), Eq.(14) can be
_ f ( - )dx ) written as
12mn| Jo \(h+2L)? (hg+2L)2
(14) @)y A
_ _ o BBy =| == =g |4 (17)
wherey is the surface tension of the air/PS interfateand m(ho+2L)

o are the Young’s modulus and Poisson’s ratio for the PS
layers,A is the Hamaker coefficient associated with the PStorresponding to a critical wave vectgt=2/\{ for which
air interface,h, is the unperturbed PI film thickness=h,  (AEL)=0, given by
+2{ cosqx is the perturbed PI film thicknesg={ cosqgx is
the undulation of one surface, agd-) refers to an average >
. H T A

over one wavelengtih of the undulation. d="H~= \/—4. (18

At temperaturesT<T§ for the PS capping layers, the Ac myho+2L)
important contributions to Eq14) are the bending energy of  |f we substitute typical values for the parameters as listed
the capping layersgsince Y is relatively large in the glassy in Table | into Eqgs.(16) and (18), we see that in the low-
statg and the dispersion ford®]. At these temperatures, the temperature case, the value of the critical wave vegtor
viscosity of PS is very large and its elastic modulus is rela~2.4x 10° m™ is larger than in the high-temperature case
tively high, such that the PS film cannot respond to the surby a factor of approximately 5, and so the critical wavelength
face tension and this contribution is neglected in Bd).  \:~0.2\"'. As the lateral morphology forms in the film at a
This low-temperature case corresponds to the situation coremperature well below & for PS, it does so with the wave-
sidered in the Introduction for freely standing trilayer films jength )\; that grows most quickly, Wher)gr';]: ) )\'0-[9]_
with solid capping layers and, in the limit of small-amplitude  We can now use the above analysis to try to understand
undulations({<hp), Eq. (14) can be written as the changes in the lateral morphology observed experimen-
tally, as detailed at the beginning of this section. The de-

3
(AE)) = {L(QL)“— ;4}52, (15) crease inY with increasing temperaturgsee Fig. 10 sub-

24(1- 0% 2m(hy+2L) stantially reduces the contribution of the bending energy to
corresponding to a critical wave vecmtr: 277/)\& for which  the free energy at high temperatures. Concurrently, at high
(AE.)=0 given by[see also Eq(6)] temperatures, the PS is more fluid like and can respond to the

surface tension contribution in the free energy which acts to
L 27 _ 4] 12A(1-4P) reduce the surface area of the film. Since the critical wave-
Qe = F = m- (16) length at high temperaturﬁ?, is larger than the wavelength
C

of the morphology)\an, which formed at a lower temperature,
At temperaturesT>T B for the PS capping layer®, of  the morphology becomes unstable and the undulations in the
the capping layers is relatively small and the PS films have &lm surfaces decay with time. This is in agreement with
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experimental observations, in which the morphology is re-because of the decrease of Young’s modulus of the PS cap-
moved from the films at temperatures comparabl@ gqsee ping layers with increasing temperature. Also included in
Fig. 6). _ Fig. 4 are data pointéopen symbolgsobtained for two PS/
The change in the lateral morphology observed uporpPI/PS trilayer films that were heated at a ratet6C/min to
cooling of the film from a relatively high temperature can T=96°C, held atT=96°C for 5 min and then cooled at a
also be understood on the basis of the time and temperatufgte of4°C/min toT=75°C. The wavelengths measured for
deeenden_ce_ of. As the temperature is decreased from 95 tothe reformed morphology dt=75°C are the same to within
75°C, Y will increase by a factor of 63, as determined by theihe yncertainty of the measurement as the wavelengths mea-
intersection of the !lne of slope 2.WIth thé&t) curves for_the sured for the morphology obtained by heating from room
two temperatures in Fig. 18. This means that the critical gmperature tar=75°C (solid circles. In addition, a solid
Wavolength)\c will increase by a factor of63~2.8, .SQCh curve is shown in Fig. 4 which was calculated from ELL)
that it becomes larger than the wavelenghhof the existing using temperature-dependentalues for 75°G< T<95°C
undulation. As a result, the morphology which formed alyhtained from the intersection of the line of slope 2 and the

high temperature becomes unstable and the amplitude of tm(:(t) curves shown in Fig. 10. To compare the measured and

undulation decays with time. At the same time, a lateral mor-

phology with a larger wavelength characteristic of the |Owercalculated wavelength values, the value of the calculated

temperature forms and its amplitude grows with time. Thisvavelength forT<85°C was adjusted to be equal to the
easured values in this temperature range. The calculated

can be understood by realizing that excess surface area &
required to allow lateral morphology to form in the films. temperature dependence of the wavelength values agrees re-

The morphology can form upon initial heating of the films Markably well with the measured temperature dependence
from room temperature because of the increase in the surfa@?d this provides supporting evidence that the analysis of the
area of the film due to differential thermal expansion be-ONSet temperature data presented above is valid. At the
tween the polymer film and the stainless-steel sample h0|delp_|gher temperatures, the calculated Wavelength_values fall
Upon subsequent cooling to temperatures for which the morlightly belo_w the measure_d values. Perhaps refinements to
phology is observed to reform, there is a small reduction ifn€ calculation—e.g., nonlinear effeci27] or a complete

the area of the films due to thermal contraction, but there i§€SCription of the viscoelastic properties of PS—could ac-
still more surface area for the film compared with that atcount for these small differences.

room temperature. To create enough excess surface area for

the morphology characteristic of the lower temperature to V. SUMMARY AND CONCLUSIONS

form, it is necessary for some of the initial, high-temperature  \ye have used reflected light microscopy to study the lat-
morphology to decay. So the low-temperature morphology,a| morphology which self-assembles at elevated tempera-
grows as the high-temperature morphology decays. tures in freely standing PS/PI/PS trilayer films. A detailed
Itis interesting to note that the low-temperature morphol-55yysis is presented for the dependence on heating rate of
ogy forms essentially at right angles to the original, high-i,e onset temperatu®,...for the formation of morphology.
temperature morphology. This can be understood in _terms y changing the temperature of the trilayer films—i.e., fur-
the amount by which the PI must be moved to achieve theyer heating or cooling of the films—we have produced large
new morphology. To form the larger wavelength morphologycpanges in the morphology. In particular, further heating to
parallel to and in the presence of the original high-iomperatures above the glass transition temperature of PS
temperature morphology requires movement of entire Pl dog,ses the morphology to disappear with time. Alternatively,

mains to larger separation, producing large curvature of th%ooling of the films causes the original high-temperature

PS capping layers. It is much more energetically favorable_morphology to disappear and simultaneously reform at right

ie., iovolves less movement of Pl and less bending of the Pﬁngles to the original morphology with a larger wavelength
capping layers—to form the larger-wavelength morphologycharacteristic of the lower temperature. The dependence of
at right angles to the original high-temperature morphology.—l-Onset on heating rate and changes in morphology with in-
For the film shown in Fig. 11, the angle between the 10W-creasing or decreasing temperature can be understood in

and high-temperature morphologies was found t0 vary beggrms of the time and temperature dependence of Young's
tween 70 and 90 at different lateral positions in the film. -\ J4iius of the PS capping layers.

The deviation from perpendicularity between the two mor-

phologies is likely due to the presence of small, in-plane ACKNOWLEDGMENTS
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