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Mechanical confinement effects on the phase separation morphology of polymer blend thin films

K. Dalnoki-Veress, J. A. Forrest, and J. R. Dutc¢her
Department of Physics and the Guelph-Waterloo Program for Graduate Work in Physics, University of Guelph, Guelph, Ontario,
Canada N1G 2w1
(Received 28 October 1997

We have measured the phase separation morphology of polystyrenetrpellryl methacrylate (PS-
PMMA) blend films of thicknes$ on a silicon oxidgSiO,) substrate with a SiQcapping layer. We observe
a novel phase separation morphology for small capping layer thicknesaes a transition from lateral to
lamellar morphology ak is increased. We present a simple model that explains the observed lateral morphol-
ogy and the transition in morphology in terms of a balance between the free energy increase associated with
forming the interfaces between PS-rich and PMMA-rich domains and the free energy increase associated with
the elastic bending of the SjGrapping layer. The simple model reveals the dependence of the transition
capping layer thickneds, on the polymer blend film thickneds and gives a reasonable quantitative predic-
tion of L. [S1063-651X%98)11505-4

PACS numbdrs): 68.55—a, 64.75:+g, 68.35.Bs, 36.20:r

INTRODUCTION In the present measurements, we investigate the effect of
varying the degree of mechanical confinement of Ibly,

The control of the patterns of atoms or molecules aspolystyrene—poly(methyl methacrylate(PS-PMMA) blend
sembled on an underlying substrate is important in polymeridilms on the phase separation process. The blend films of
[1], biological[2], semiconductof3], and magneti¢4] sys-  thicknessh are fully constrained on the lower film surface by
tems used in fundamental research and technological appkn underlying silicon oxidéSiO,) substrate, and the con-
cations. The self-assembly of polymer molecules on a subfinement of the upper film surface is varied by preparing
strate can be controlled by selectively modifying thesamples with different thicknessds of a SiO, capping
chemistry of the substrate surface and/or the polymers ttayer. Phase separation is allowed to proceed by heating the
create patterned polymer films with tailored length scalesfiims above the glass transition temperature of both polymer
Patterning of thin polymer blend films can also be achievedcomponents. For films that have been annealed for a long
by the thermodynamically driven phase separation processtime, we observe a qualitative difference in the phase sepa-

The phase separation morphology~13] and dynamics ration morphology for small and large values lof Many
[14—17 of thin polymer blend films have been studied ex-long, parallel phase-separated domains are observed within
tensively. Phase separation of spin-coated polymer blenthe plane of the film for small values df. This type of
films can occur during the spin-coating process for high modateral morphology differs qualitatively from that observed
lecular weight M,,) polymers[5—7], or upon annealing for for polymer blend films with a free upper surfafE3]. For
low M, polymers[8—13]. For thin films, the presence of the large values ofL, a lamellar morphology is observed. We
film interfaces can affect the phase separation morphologpresent a simple calculation that accounts for the free energy
dramatically. For example, the film interfaces can induce a&hanges that occur during phase separation due to the inter-
modulation normal to the film plane in the concentration offacial tension between the two polymers and the elastic
each component of a binary polymer blesdirface-directed bending of the capping layer. Using this model, we can ex-
spinodal decompositign8] because of the preference of one plain the nature of the lateral morphology for smallwhich
of the constituent polymers for the film interfaces. The presis necessarily accompanied by a deformation of the upper
ence of a wetting layer can result in lamellar phase separdilm surface. Also, the transition from lateral to lamellar mor-
tion morphology, which has been observed for a variety ofphology asL is increased can be both understood qualita-
polymer blend system®-11]. The film interfaces can also tively and predicted quantitatively. We find that the period
influence the phase separation morphology produced duringnd amplitude of the deformation of the upper film surface
the spin-coating of very thin, highl,, polymer blendg5]. can be controlled directly by varyinig andL.

The topography of the upper surface of polymer blend
films can also_ be modifie_:d by the phase separation procesgayipi E PREPARATION AND EXPERIMENTAL DETAILS
Recent atomic force microscopy measurements of blen
films with a free upper surface have revealed a roughening of The substrates were prepared by evaporating a 70 nm
the upper film surface that accompanies the formation ofayer of SiQ, onto a clean $001) wafer (1 cmx1 cm). To
lateral, phase-separated domdihg,13. This effect can be evaporate the SiQayer, SiO powder was placed in a baffled
understood in terms of the interfacial and surface tensiontantalum boatR.D. Mathis Co. model ME J1 The SiO pow-
[18]. der was heated in vacuum to 100 °C ferl2 h to remove

adsorbed impurities. The ambient pressure in the evaporator
was 1x 10 © torr, and the pressure during the evaporation
* Author to whom correspondence should be addressed. was (1-2)x 10 ° torr. The deposition rate used was 0.5
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nm/s as monitored using a 5.0688 MHz crystal oscillator ;& o il
(M-Tron model MTO-T1-S3 which was calibrated by mea- _” K
suring the final film thickness using an ellipsometer. Ellip- °
sometry was also used to determine that the index of refracg®
tion of the SiQ layers was consistent with a value okk -
<2. '

After the preparation of the substrate, the PS-PMMA £
polymer blend film was deposited using spin coating. We
used PS of molecular weigM,,= 24 700 and polydispersity
indexM,,/M,=1.03, and PMMA of molecular weightl,,
=19 300 and polydispersity indeM,,/M,=1.06[19]. The "
PS and PMMA polymers were dissolved in a common sol-§
vent of toluene, with the total polymer concentration of the .
solutions varied between 1.25% and 5.0@By mass. A . T
spin speed of 4000 rpm was used to deposit all films, whichm‘
resulted in polymer blend film thicknesses ranging from 37 . . .

. ) FIG. 1. Optical microscopy image (31.2mx26.2 um) of a
nm to 148 nm, as measured using ellipsometry. For all of th%S-PMMA filfn with h=148pr¥m angdL(=61ﬁnm showlilﬁng)lateral
solutions used in this study, the PS volume fraction was cho—h .
. . _ phase separatlon.

sen to be the critical volume fractiah,= 0.48, as calculated
using Flory-Huggins theory21]. Following the deposition 1 {5 track the time evolution of phase separation in the
of the polymer blend films, the films were annealed for 10 hyjand films.
atT=70 °C (<T, for both polymersin vacuum to drive off It was not necessary to use stains to enhance the optical

residual solvent without allowing phase separation t0 proggnirast between the two polymer components since the dif-
ceed. The resulting polymer blend films were homogeneougrence in the index of refractionmngs=1.59 andnpya

on all length scales that can be accessed using optical miz 1.49) was sufficient to allow optical imaging of the mor-
croscopy(as small as 0.3cm). phology.

The polymer blend films were then capped by evaporating
a layer of SiQ of thicknessL. Evaporation of SiQ) onto
polymer films produces sharp polymer-Si@terfaceq 20].
The capping layer provides some degree of mechanical con- After the films were annealed, two general types of phase
finement of the polymer blend films while ensuring that bothseparation morphology were observed. For small values of
sides of each polymer film are chemically similar. During thethe capping layer thickneds, lateral phase separation was
deposition of the capping layer care must be taken to avoidbserved using optical microscopy. The lateral morphology
heating the sample significantly to avoid possible damage teonsisted of many, randomly oriented regions, each of which
the polymer blend film as well as to prevent phase separatiocontained a large numbnr of long, parallel domains with a
from occurring in the polymer blend film. For the slow SiO well-defined periodicity within the plane of the film. A par-
evaporation rates that we used .5 nm/g, the temperature ticularly good example of the parallel-domain morphology is
of the sample did not exceed 70 °C during the deposition ofllustrated in Fig. 1 for a PS-PMMA film witth=148 nm
the SiQ, capping layer. Following the deposition of the cap- and L=61 nm which was annealed a@t,=125 °C for 33
ping layer, each sample consisted of a homogendons min. The domains are essentially interconnected because the
length scales larger than 08m) polymer blend film sand- PS volume fraction was chosen to be equal to the critical
wiched between SiQlayers. We prepared a total of 30 volume fraction¢.=0.48. For the sample in Fig. 1, the do-
samples with the blend film thicknessranging from 37 to mains have a characteristic width that is @1 um. We
148 nm and the capping layer thicknéssanging from 20 to  note that the in-plane domain widths- w«m) and the in-

101 nm. plane domain lengthsx1um) are much larger than the
To allow phase separation to occur within the homogethickness of the domains (0.030.148 um) such that the
neous PS-PMMA blend films, the samples were heatediomains are very nearly two dimensional. With successive
quickly (quench timeto~10 9 from room temperature to annealing cycles, the domains were observed to grow until
the annealing temperatuffig, =125 °C by placing them onto they reached a maximum size characterized by a width that

a metal plate held at temperatufg within an oven.T, is  was typically 0.5-1.5 um. In all cases, the growth of the
greater tharl 4 for both polymers. The film temperature was domains was complete after 30 min of annealing time. The
held atT, for several minutes to allow phase separation toimage shown in Fig. 1 was obtained after the domain growth
proceed and then the films were rapidly quenched to roorvas complete. Following the saturation of the domain size,
temperature by removing them from the oven and placingio further changes in the morphology were observed with
them onto a metal plate held at room temperature. Théehe films held afT ,=125 °C for three days. Similar “pin-
quench time for cooling was comparable tig. At room  ning” of the phase separation morphology in thin polymer
temperature, a high-resolution reflected light optical micro-blend films has been observed previoul;16] and is
scope coupled to a charge-coupled device camera was usttbught to be due to the existence of a long-lived, metastable
to measure the phase-separation morphology. The temperstate. In the present paper we focus on the final phase sepa-
ture was cycled repeatedly between room temperature arr@tion morphology achieved for each film, and the depen-

RESULTS AND DISCUSSION
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dence of this morphology on the polymer blend film thick- structure. The reduction in the surface-area-to-volume ratio
ness h and the capping layer thickness. The time corresponds to a reduction in the interfacial area between the
dependence of the phase separation morphology will be déwo polymers and is energetically favored. Therefore, lateral
scribed in another publicatiof22]. domains will form within the blend films if the decrease of
For samples with. larger than a critical valuk,, lateral the free energy associated with the reduction in the interfa-
domains were not observed using optical microscopy, evefi@l area between the two polymers is greater than the in-
for annealing times as long as three days. Since the pP$rease in th_e free energy associated with the elastic bending
PMMA system must phase separate when heated above tRé the capping layer. This gives a qualitative explanation of
T, values of both components, a different type of phase®ur experimental results: fot>L., we observe lamellar
separation morphology must be obtained. Because of the difforphology, and fot <L, we observe parallel lateral do-
ferences in the PS-Sj0and PMMA-SIQ interactions, the ~mains(cf. Fig. 1).
blend films phase separate into a lamellar film structure with TO obtain a quantitative understanding of the dependence
PMMA-rich layers in contact with Sipwhen heated above ©f the phase separation morphology on the thickness of the
the T, values of both components. We have verified the pref€aPping layer, we examine in more detail the change in the
erence of PMMA for SiQ experimentally through a series of free energyAF associated with the phase separation process
dewetting experiments that show that thin films of thefor a.thln. film sample. We take into account three different
PMMA molecules on a Si substrate coated with a layer ofcontributions toAF. First, there is a reduction in the free
SiO, will not dewet when heated 6= 150 °C, whereas thin €NergyAF,, associated with bulk phase separation, as deter-
films of the PS molecules on SjQwill dewet completely mined using Flory-Huggins theory. This contribution is in-
after several hours at the same temperature. Therefore, fordgpendent of the morphology and must be sufficiently nega-
PS-PMMA blend thin film with both surfaces in contact with tive to ensure that phase-separation occurs. The second term
Si0,, PMMA will segregate to the SiQinterfaces with the ~discussed above describes the free-energy incré&geas-

center of the film being PS rich. This type of lamellar phaseSociated with forming the interfaces between PS-rich and

We have demonstrated the existence of the lamellafi@l tension multiplied by the total interfacial area between
phase_separation morpho|ogy direct'y by Se|ective|y removlhe domain and the matrix. The th|rd term, also di.scussed
ing each layer within the films using carefully chosen, selec2b0Ve, describes the free-energy increade, associated
tive solvents. It is imperative that each of the solvents reWith the elastic bending of the Sj@apping layer, which can
move the layer of interest without disturbing, i.e., removingoccur during the phase-separation process. Assuming a peri-
or swelling, the underlying layers. We performed carefulodic deformation along the direction with amplitudeA and
tests of a wide variety of solvents before deciding to use thavavelength\, the bending energy for the entire sample is
following: a 10% solution of hydrofluoric acid in water to calculated to b¢23]
remove the SiQcapping layer, glacial acetic acid to remove

the PMMA-rich layer, and carbon tetrachloride to remove _ EL JW| f* 7 A 27X Zd q
the PS-rich layer. Successive use of these solvents resulted in =" ° 241 42) Jo A o | 9x2 I N xady
layer-by-layer removal of the film. For films with>L_,

this simple procedure revealed the lamellar structure of the KL3A2wI

phase-separated polymer blend film by direct observation of = T- (1)

a change in the cologand therefore thicknep®f the film

after each solvent was used. . . whereE ando are the Young’s modulus and Poisson’s ratio
For polymer blend films confined on both film surfaces byOf the capping laver material andw are the dimensions of
identical material, one might expect to obtain lamellar phase;; bping fay X

separation morphology because of the preference of one 5?6 sample along the in-planeandy directions, anc is

the constituent polymers for the confining material. In ourd'ven byla co.mb|nat|on of the mechanical properties of the
measurements of PS-PMMA blend films between ,Safy- capping fayer:

ers, we observe lamellar morphology for large valuet of 4
but for L<L., lateral domains are observed. Reduclng K= Em )

reduces the mechanical confinement of the top surface of the 3(1-0?)

film, allowing the possibility of deformation of the top sur-

face of the film. The deformation costs energy because of th&he quantityl/N corresponds to the number of domains
elastic bending of the capping layer, which has two impor-along thex direction. To account for surface effects in the
tant consequences. First, deformations will not occur for ghin films, we assume the presence of a thin wetting layer of
sufficiently thick capping layer. Second, for a thin cappingPMMA-rich polymer next to the SiQlayers, regardless of
layer, deformations will be restricted to parallel bends of thethe morphology. This assumption is consistent with the re-
capping layer since parallel, in-plane bends cost less energgults of the PS-SiQ and PMMA-SIO, dewetting experi-
than deformations along nonparallel, in-plane directionsments described above, and also with the observation of
(imagine, for example, bending a sheet of pap&y de- lamellar morphologies for similar systerf@—11].

forming a thin capping layer with parallel bends, a smaller In Fig. 2 we show a schematic diagram of the cross sec-
surface-area-to-volume ratio is obtained for flattened cylintion of the film morphology for a film that exhibits lateral
drical domains within the blend filnfcorresponding to lat- phase separation. This schematic diagram illustrates only one
eral morphology than for the central domain in a lamellar domain, i.e., one wavelength of the periodic deformation.
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/ FIG. 3. Average wavelength vs the PS-PMMA blend film
% thicknessh for films with L values equal to the largest value for
which lateral phase separation was observed. The solid line repre-
FIG. 2. Schematic diagram of the cross section of a single latSeNts a linear regression fit to the data: (14.7+0.5)h.
eral domain, which illustrates the parameters used in the calculation

(see text morphology (two planar PS-PMMA interfacgsis simply

o _ . given byA F,,=27y. We compare the free energy of the two
We assume that each domain in the sample extends infinitefha) morphologies to determine which morphology is fa-

in the y direction and that the domains are repeated withored for a particular value of. In the limit thatL—0,
periodA in thex direction. For illustration purposes, we have A r,_ — yP,/\ and the lateral morphology is obtained for
represented the domain cross section in Fig. 2 as ellipticgb <2\ | n the limit thatL is large, A 7, becomes large
with the lengths of the semimajor and semiminor axes de(NLs) and the lamellar morphology is favored. The transi-
noted bya andb, respectively. It is important to note that the tjon petween lateral and lamellar morphology occurs for

calculation ofl.. presented below is performed assumi A z_—A 7, corresponding to the transition capping layer
specific domain shape, only that the domain cross section ficknessL,, which is given by

characterized by heightl? width 2a, cross-sectional area
Ag4, and perimeteiPy. A specific domain shape is chosen

only to relate the final calculated result to that measured Ay p. Y3
experimentally. L= —2( - —d) , )
The free energyAF ., associated with the PS-PMMA in- KA A

terfacial tension is given by

I with the perimeteP, chosen such thah, remain constant
AF,= WPy, 2 [see Eq(3)]

Before the calculated values af, can be compared to
where v is the PS-PMMA interfacial tension. Because thethose measured experimentally, it is necessary to specify the
volume must remain constant, regardless of the aspect ratideformation wavelength. Our simple model does not pre-
of the domains, there is a constraint on the cross-sectionalict a preferred value of; instead\ must be obtained from

area of the domair: the experiment. For eadhvalue, we choose the sample with
the largestL value for which lateral phase separation is ob-

h\ served, corresponding toless than but approximately equal

(R+1) to L.. We find that the measuredvalues for these samples

depend linearly on the blend film thickndsgor the range of

whereR is the ratio of the volume of the PMMA-rich region h values studied, as shown in Fig. 3. A linear regression of
to that of the PS-rich region. For polymer blends of criticalthe data for five differenh values yields\ = (14.7+0.5)h.
composition in which the constituent polymers have equal The dependence df, on the film thicknessh can be
degrees of polymerizatioR=1. This is a good approxima- understood in terms of a scaling argument. Because of the
tion for the experimental system described here. observed linear dependence Xfon h for samples withL

The total change in the free energy per unit afef,;  less than but approximately equalltg, as shown in Fig. 3,
associated with phase separation into the lateral morphologyie cross-sectional are¥ of a domain scales liké\y~hx
is given by ~h?2. Since the domain area, as specified by its widitad
its height 2 (see Fig. 2 can in general be written a&,
=c,a%+c,b%+czab, wherec; are constants determined by
the geometry of the domain shape, batlndb ~h. It then
follows that the domain perimetéty~h.
where we have ignored theF , term, which is constant and The scaling behavior of the deformation amplitubleis
independent of the sample morphology. The total free energless trivial. The amplitudé\ must depend on the height of
per unit areaA F,,,, for phase separation into the lamellar the domain ® and can be written as

AF +AF, yPy KL3A?
AFg=—r— =5+ N (4)
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FIG. 5. Surface profile of the same PS-PMMA film as in Fig. 1
0 ' ' ' ' ) : ' (h=148 nm and_=61 nm) measured using atomic force micros-
0 20 40 60 80 100 120 140 160 copy. The profile was collected along the direction normal to sev-
h (nm) eral long, parallel lateral domains. The average of the surface pro-

file amplitude value\ has been chosen to be zero.

FIG. 4. Plot of the capping layer thicknelssas a function of the
PS-PMMA blend film thicknesh for all of the samples used in the Since the domain would not remain confined within the
present study. The solid circles correspond to samples for whiclsample. Therefore, we expect that 1, which is consistent
lateral morphology was observed, and the open circles corresponatith the best fit value ofr=0.9+0.2. As a convenient ap-
to samples for which lamellar morphology was observed. For eacproximation that is not expected to be rigorously true but that
h value, dashed lines extend between the largeslue for which is consistent with the experimental results, we takel.
lateral morphology was observed and the smallestalue for  This is equivalent to assuming constant wetting layer thick-
which lamellar morphology was observed. The solid curve correness both above and below the domain for small deforma-
sponds to calculated values of the transition capping layer thicknesgons. The solid line in Fig. 4 corresponds to a least squares
Lo=Ch?%, using the best fit value faf=2.65+0.13 nnt". fit of the data to the relatioh .=Ch?'3, where the best fit
value for the prefactor i§=2.65+0.13 nnt’3. Clearly, the
solid curve is a good fit to the data since the solid curve
passes through the dashed lines formallalues.

Having established the scaling behaviorLgfwith h it is
where « is a proportionality constant and is the scaling also possible to compare the best fit value of the prefattor
constant. The square bracketed term in &j).ensures that to the value obtained from measurements of the morphology
the correct minimum value fdo is obtained in the limit of of a specific sample for which lateral phase separation was
no deformation(lamellar morphology Sinceb~h, Eqg.(6)  observed withL less than but approximately equal tQ.
implies thatA~h"”. This scaling behavior foA combined For this comparison, we consider the sample Wwith61 nm
with A~h andP4~h means thak ., as specified by Eq5), andh=148 nm(see Fig. 4. The deformation amplitudé&
scales likeL ,~h(*=27)753, for this sample was measured directly using atomic force

In Fig. 4 is shown a plot of the capping layer thicknéss microscopy(AFM). In Fig. 5 is shown a typical AFM trace
as a function of the polymer blend film thicknesgor all of ~ of the surface profile across several domains. The profile is
the samples used in the present study. Two different types ofell described as sinusoidal, which is consistent with the
symbols are used: solid circles for samples for which lateratalculation of the free energy increadé,, associated with
morphology was observed, and open circles for samples fahe elastic bending of the capping layer described above, and
which lamellar morphology was observed. For ehcvalue, the average amplitude of many>(0) such profiles isA
dashed lines extend between the lardestalue for which  =30+x5 nm. The average deformation wavelengtimea-
lateral morphology was observed and the smallestalue  sured using optical microscopy }s=2.1+0.2 um, and the
for which lamellar morphology was observed. The transitionaverage domain width is&2=1.2+0.1 um.
between lateral and lamellar morphology occurs within the Using the AFM and optical microscopy data, we can cal-
dashed range df values. culate the prefactaf by specifying the material properties of

A fit of the data in Fig. 4 td..~h®*~2")8 gives the best the sample and choosing a specific shape for the cross sec-
fit value for the scaling parameter=0.9+0.2. The magni- tion of the domains. For the material properties we choose
tude of v can be understood from the following argument. If capping layer Young’'s moduluE=72 GPa and Poisson’s
the height of the domain is increased by some factor then theatio o=0.16 [24], PS-PMMA interfacial tension(at
deformation amplitude cannot increase by more than thd25 °Q y=1.83 dyne/cm[25], and R=1. TheE and o
same factor, since the deformation of the capping layer is thgalues are the bulk parameters for fused quéatnorphous
result of the increase in the domain height. This means th&8iO,). For the shape of the domain cross section, we con-
v=<1. Conversely, the height of the domain cannot increassider two choices: the simple case of an ellipse as illustrated
with h much more quickly than the undulation amplitude, in Fig. 2, and the more realistic shape corresponding to con-

14

, (6)

h

A=alb- Ry D)

b
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stant wetting layer thickness both above and below the dodndergoes phase separation, the difference between the result
main (flat on the bottom and sinusoidal on the top, with theof the two approaches is small: the scaling properties are
top and bottom surfaces of the domain joined by semiidentical and the prefactor differs by less than 35% for the
circular arc$. In each case, the perimetBy is calculated samples used in the present study.

under the constraint of Eq43). For both choices of domain

cross—sectl%n s_hap(_a, we obtain the same valﬂ_?e, SUMMARY AND CONCLUSIONS
=0.86 nnt’®, which is in reasonable agreemefatpproxi-
mately a factor of threewith the best fit value of. The lack We have presented the results of measurements of the

of sensitivity of C to the specific choice of domain shape phase separation morphology of PS-PMMA blend films on a
occurs because the only aspect of the domain shape that d8iO, substrate with a SiQcapping layer. We find that there
terminesL, is the perimeteP,, andPy is virtually identical  is a qualitative change in the phase separation morphology as
for different reasonable choices of the domain shape sincthe capping layer thicknedsis increased. The lateral phase
a>b for L~L,. separation morphology obtained for small valuedofon-

The agreement between the prefaafovalues obtained sists of many long, parallel domains. The transition from
by fitting the data in Fig. 4 and that calculated from the directlateral to lamellar morphology with increasihgcan be ex-
measurement of the deformation amplitude is quite remarkplained using a simple model that accounts for the free en-
able given the simple nature of the model and the fact thaérgy increase associated with forming the interfaces between
we have taken the mechanical properties of the, 8pping  the PS-rich and PMMA-rich domains and the free energy
layer to be those of amorphous SiOAnother aspect not increase associated with the elastic deformation or bending
taken into account in this simple model is the contribution ofof the capping layer. The simple model reveals the depen-
dispersion force$26]. For the changes in morphology ob- dence of the transition capping layer thickndsson the
served in this study the contribution of dispersion to thepolymer blend film thicknesk, and gives a reasonable quan-
change in the free energy is at least four orders of magnitudgtative prediction ofL.. For samples that exhibit lateral
smaller than that due to interfacial tension. phase separation, direct control of the amplitude and period

The calculation of the transition between lateral andof the deformation is achieved by varyimgandL.
lamellar phase separation as the capping layer thicknéss
increased is based on comparing the free energies of the two
possible final morphologies. We have also minimized the
free energy of the lateral morphology with respect to the We thank Dr. B. G. Nickel for many useful discussions,
domain shape parametbr(the other domain shape param- Dr. M. W. Matsen for his comments on the original manu-
etera is determined through the volume fraction constraintscript, which led to a simplification of the calculation, Dr. D.
given by Eq.(3)]. In this second approach, the transition Thomas for the use of his AFM, C. Gigault for help with the
from lateral to lamellar morphology occurs for the cappingAFM measurements, and Waterloo Digital Electronics for
layer thickness for which neighboring domains touclx 2 the use of their EXACTA 2000 ellipsometer. The financial
=\. Although the two approaches are conceptually quitesupport of the Natural Sciences and Engineering Research
different with regard to the process by which the sampleCouncil (NSERQ of Canada is gratefully acknowledged.
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