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Bulk and surface characterization of a dewetting thin film polymer bilayer
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We have monitored the progression of the dewetting of a partially brominated polystyrene~PBrS!
thin film on top of a polystyrene~PS! thin film with scanning transmission x-ray microscopy
~STXM! as well as photoemission electron microscopy~PEEM!. We mapped the projected
thickness of each constituent polymer species and the total thickness of the film with STXM, while
we determined the surface composition with PEEM. Our data show that the PBrS top layer becomes
encapsulated during the later stages of dewetting and that atomic force microscopy topographs
cannot be utilized to determine the contact angle between PBrS and PS. ©1998 American Institute
of Physics.@S0003-6951~98!02351-1#
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Thin films of polymers have numerous technological a
plications ranging from multicolor photographic printing
paints, adhesives, index-matched optical coatings, phot
sists, and low dielectric electronic packaging. In comparis
to bulk properties, much less is known about the proper
of polymers when they are processed into thin films. Ty
cally, the polymer-substrate and polymer-air interfacial en
gies or kinetic barriers play important roles in determini
the morphology and dynamics in thin films. A detailed u
derstanding of thin film properties, such as composition a
morphology, and possible deviations from bulk properties
highly desirable and numerous studies on blends1–7 and
bilayers8,9 have recently been undertaken. Most of the
studies rely on atomic force microscopy~AFM! or other
methods that cannot always provide the sought after answ
In dewetting bilayers, for example, it is often the goal
determine the interfacial energy or the Flory parameter
tween the two polymers. The contact angle, which depe
on the interfacial energies between the two polymers, ca
principal be determined from the slope of AFM
topographs.8–10However, this is a very indirect method sinc
force or friction modulation contrast is only a reflection
the mechanical response of the sample and is not an un
biguous identification of chemical composition at the int
face. Furthermore, if the polymers are in the liquid state th
the Newman, rather than the Young’s contact angle, mus
determined9 which requires a precise knowledge of the cu
vature of the polymer/polymer interface. We present here
combination of near-edge x-ray absorption fine struct
~NEXAFS! imaging in transmission11,12and surface sensitive
modes13,14 as a new approach to characterize polymer t
films and investigated model thin films of blends and bila
ers of polystyrene~PS! and brominated polystyrene~PBrS!.
3770003-6951/98/73(25)/3775/3/$15.00
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The PS/PBrS system is difficult to study by other techniqu
and represents a more general case than the polymer sys
studied previously with AFM. No mechanical or friction dif
ferences can be detected between the two polymers in s
ning force microscopy and the bromine content is insu
cient to stain one of the phases in transmission elec
microscopy~TEM!. Our data provide important informatio
about the three-dimensional morphology of the systems
vestigated, and show that the PBrS gets encapsulated b
in both blends and bilayers after annealing even in the c
where the PBrS started out as the surface layer.

NEXAFS imaging of polymers has advantages ov
other forms of microscopy primarily because of its lo
damage,11,15 sufficient chemical sensitivity to distinguish e
sentially most, if not all, polymers,16,17and the possibility for
quantitative analysis.18 Here we explore explicitly the advan
tages of combining surface sensitive and bulk sensitive d
acquisition modes of x-ray microscopy. We also demonstr
quantitative mapping of composition in thin synthetic pol
mer films with transmission NEXAFS microscopy, and d
cuss the implications for the three-dimensional morpholo
of the systems investigated. We have utilized the Sto
Brook scanning transmission x-ray microscope~STXM!19 to
measure the bulk composition of thin films as thick as 5
nm. In order to assess the surface composition, we have
lized a photoelectron emission microscope~PEEM! at beam-
line 8.0 at the Advanced Light Source in Berkeley. The el
tron optical column of the microscope is used to form
image of the emitted electrons.20 We investigated blend and
bilayer samples of highly brominated polystyrene~79% de-
gree of Bromination! and polystyrene~PS!. The blends~50/
50% by weight, molecular weightMw590 k each! were
spun cast from toluene solution onto a native oxide cove
5 © 1998 American Institute of Physics
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Si substrate. The film thickness was monitored with multi
wavelength ellipsometry. The bilayers were prepared by s
casting the PS and PBrS separately onto silicon substr
and then floating the PBrS layer on top of the PS layer. T
samples were annealed on the substrate under vacuu
initiate the dewetting in the bilayer or to further increase
phase separation in the blends. The samples investig
with PEEM were left on the Si substrate, while the samp
investigated with STXM were transferred to a TEM gri
The blends investigated had a thickness of about 45
while the bilayer were 30 nm of PBrS on top of 30–40 n
thick PS.

Homopolymer films were utilized to measure referen
spectra as the basis for the quantitative NEXAFS analy
The linear absorption coefficients of the two polymers
shown in Fig. 1. Regarding bulk compositional analysis,
show as an example the results from a 30 nm/40 nm PBrS
bilayer annealed for one week at 180 °C. We acqui
STXM images of the same sample area at four character
energies: 281.8 eV~pre-edge!, 285.2 eV~p* of PS, mainp*
of PBrS!, 286.5 eV~C–Br shiftedp* of PBrS!, and 310 eV
~post-edge!. Each image contains information about the
and PBrS composition and thickness, with the weight g
erned by the linear absorption coefficient of the two po
mers~Fig. 1!. We have utilized a ‘‘singular value decompo
sition’’ procedure18 to calculate PS and PBrS mass thickne
maps from the transmission images. This process makes
of the carefully measured absorption coefficients from
reference homopolymers~Fig. 1!.

The quantitative PS, PBrS, and total thickness~sum of
PS and PBrS! maps are shown in Figs. 2~a!, 2~b!, and 2~c!,
respectively. From the figures, we can see the character
Voronoi tessellation dewetting patterns that form prior
droplet formation.21 The respective line profile as indicate
in the images is shown directly below each figure. From F
2~a!, we can see that a PS ridge surrounds the interconn
ing strands of the PBrS layer. The PBrS core within t
strands is seen in Fig. 2~b! to rise much more sharply. Con
sequently, it is clear that the contact angle between the
and PBrS features cannot be measured from the topogra

FIG. 1. Reference spectra of PS and PBrS normalized to the pre- and
edge linear absorption coefficients of Henke@B. L. Henke, E. M. Gulikson,
and J. C. Davis, At. Data Nucl. Data Tables54, 181 ~1993!#, and assuming
a density of 1.07 g/cm3 for PS and 1.53 g/cm3 for PBrS@J. E. Mark,Physi-
cal Properties of Polymers Handbook, Woodbury, New York~1996!#.
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features alone. Even though the dewetting process has
reached equilibrium yet, we estimate the contact angle fro
the cross sectional scan to be;10° when measured from the
PS and total density maps in Figs. 2~a! and 2~c!. This value
is in agreement with that obtained from atomic force micro
copy of the sample before removal from the substrate. T
contact angle of the PBrS core on the other hand is;20°
which is closer to the calculated value of 28° based on m
surements of the interfacial energy of the two polymers.22

In order to address the issue of encapsulation, we de
mined the surface composition of a similar sample, i.e., a
nm/34 nm PBrS/PS bilayer annealed for 11 days. PEEM i
ages acquired at 300 eV are presented in Fig. 3 and sh
Voronoi tessellation patterns21 similar to the ones observed
in Fig. 2 with transmission NEXAFS. The sides of the spine
and the spines themselves are dark due to topographic c
trast that arises from the reduced collection efficiency in t
PEEM from locations that are not perpendicular to the op
cal axis. We present spectra in Fig. 4 from various locatio
on the samples, including several locations along the spin
as indicated by the boxes in Fig. 3. While these spectra ha
not been normalized to the carbon edge continuum, th
clearly show that there is no spectral intensity at the C–
shifted C 1s to p* energy of 286.3 eV that is characteristi
of PBrS. Hence, the surface is pure PS everywhere on

st-

FIG. 2. Thickness maps of PBrS/PS bilayer after annealing for 1 week:~a!
PS map,~b! PBrS map, and~c! total thickness.

FIG. 3. PEEM image of a 30 nm/34 nm PBrS/PS bilayer annealed for
days~acquired at 300 eV!. A Voronoi tesselation pattern similar to Fig. 2 is
clearly visible. The differences in appearance relative to Fig. 2 are due to
different contrast mechanism in a PEEM and a STXM. The boxes indic
the areas of which the spectra in Fig. 4 where acquired. The arrow
equals 20mm.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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sample within the characteristic probing depth of NEXAF
PEEM of about 10–20 nm. We have also found that
PBrS is encapsulated in blends that have been annealed
encapsulation of PBrS is consistent with the thermodyna
cally favored state where PS, the component with the lo
surface energy segregates to the film surface.4

In general, the dewetting process in thin polymer bila
ers can consist of diffusive and flow processes both para
and perpendicular to the polymer/polymer interface. We
obtain an estimate of the relative magnitude of these p
cesses, i.e., diffusion/flow of the PBrS and PS along
PBrS/PS interface and PS perpendicular to the interface f
Fig. 5, where we show area averaged PEEM spectra o
layer samples annealed for 1 day, 2 days, and 11 days. T
spectra clearly show that encapsulation does not occur
mediately at the onset of dewetting. After two days of a
nealing, the PBrS layer has already moved parallel to the
interface to form holes, several microns in diameter, exp
ing the underlying PS at numerous places. The lateral
tance traveled by the PBrS along the polymer/polymer in
face is much larger than the PBrS film thickness~;40 nm!,
yet the PS encapsulation, which requires perpendicular
fusion over a distance that is approximately the thicknes
the PBrS overlayer, has not yet occurred. This is illustra
in Fig. 5, where we can see that the area-averaged spec
after 2 days is still dominated by the PBrS overlayer. Enc
sulation is essentially complete after annealing for 11 d
~Fig. 4!. This indicates that the diffusion/flow parallel to th
interfaces is much faster for both PS and PBrS than the
fusion of PS perpendicular to the PS/PBrS interface. A p
sible explanation for this phenomenon may be that since
PS and PBrS are highly immiscible, the diffusion of P
through the PBrS layer is severely hindered. The optim

FIG. 4. Point spectra acquired with the PEEM from various locations on
sample as indicated by the boxes in Fig. 3.

FIG. 5. Evolution of PBrS peak in PEEM spectra from a 30 nm/35
PBrS/PS bilayer as a function of annealing time.
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path for encapsulation is then by PS diffusion/flow along
outer surfaces of the dewetting features. Hence the enca
lation process seems to be delayed until the dewetting of
PBrS layer from the PS interface has progressed sufficie
that a significant amount of exposed PS surface area
formed.

In summary, we have used the unique combination
two complementary techniques, PEEM and STXM NEXAF
microscopy, to determine the three-dimensional composi
of polymer thin films. This allowed us to study both th
surface and bulk morphology of PS/PbrS blends and
dewetting dynamics of PS/PbRS bilayers. Our results sh
that PBrS forms sharply delineated spines that become
capsulated in PS as the PBrS dewets the PS support film.
PS/PBrS contact angle is much larger than the contact a
measured with AFM of the external topographical feature
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SEC Program! and DOE-SG02-93-ER45481.
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