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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). Both STXM and PEEM utilize Near Edge X-ray fo.bsorption Fine Structure 

· (NEXAFS) spectroscopy to quantitate the composition at high spatial resolution. 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 AFM topographs can not be utilized to determine the contact 

angle between PBrS and PS. 
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Thin films of polymers have numerous technological applications ranging from multi-color photographic 

printing to paints, adhesives, index-matched optical coatings, photo-resists, and low dielectric electronic 

packaging. An understanding of dewetting and decomposition phenomena of blends and bilayers and 

their dynamics is important in order to have a better understanding of the use of polymers in these 

applications. In comparison to bulk properties, much less is known about the properties of polymers 

when they are processed into thin films. Typically, the polymer-substrate and polymer-air interfacial 

energies or kinetic barriers play important roles in determining the morphology and dynamics in thin 

films. A detailed understanding of thin film properties, such as composition and morphology, and 

possible deviations from bulk properties is highly desirable and numerous studies on blends 1-7 and 

bilayers8,9 have recently been undertaken. Most of these studies rely on Atomic Force Microscopy or 

other methods that can not always provide the sought after answers. In dewetting bilayers, for example, it 

is often the goal to determine the interfacial energy or the Flory parameter between the two polymers. 

The contact angle, which depends on the interfacial energies between the two polymers, can in principal 

be determined from the slope of AFM topographs8-10. However, this is a very indirect method since 

force or friction modulation contrast is only a reflection of the mechanical response of the sample and is 

not an unambiguous identification of cherrtical composition at the interface. Furthermore, if the polymers 

are in the liquid state then the Newman, rather than the Young's contact angle, must be determined9 

which requires a precise knowledge of the curvature of the polymer/polymer interface. Hence, a 3-

dimensional quantitative compositional analysis tool would be ideal to study morphologies in these films 

and dynamic phenomena such as phase separation and dewetting. We present here the combination of 

Near Edge X-ray Absorption Fine Structure (NEXAFS) imaging in transmission 11,12 and surface 

sensitive modesl3,14 as a new approach to characterize polymer thin films and investigated model thin 

films of blends and bilayers of polystyrene (PS) and brominated polystyrene (PBrS). The PS/PBrS 

system is difficult to study by other techniques. No mechanical or friction differences can be detected 

between the two polymers in scanning force microscopy and the Bromine content is insufficient to stain 

one of the phases in transmission electron microcopy. Our data provide important information about the 

3-dimensional morphology of the systems investigated, and show that the PBrS gets ,encapsulated by PS 

in both blends and bilayers after annealing even in the case where the PBrS started out as the surface 

layer. 

NEXAFS imaging of polymers has advantages over other forms of microscopy primarily because 

of its low damage11,15, sufficient chemical sensitivity to distinguish essentially most, if not all, 

polymers16,17, and the possibility for quantitative analysis iS. Here we explore explicitly the advantages 
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of combining surface sensitive and bulk sensitive data acquisition modes of x-ray microscopy. We also 

demonstrate quantitative mapping of composition in thin synthetic polymer films with transmission 

NEXAFS rnic~oscopy, and discuss the implications for the 3-dimensional morphology of the systems 

investigated. We have utilized the Stony Brook Scanning Transmission X-ray Microscope (STXM) 19 

located at the National Synchrotron Light Source (NSLS) to measure the bulk composition of thin films 

as thick as 500 nm. STXM uses zone plates optics to form a micro-focus corresponding to a spatial 

resolution of approximately 50 nm. In order to assess the surface composition, we have utilized a 

Photoelectron Emission Microscope (PEEM) at beamline 8.0 at the Advanced Light Source in Berkeley. 

The electron optical column of the microscope is used to form an image of the emitted electrons. The 

microscope is a two-lens system operating at a nominal voltage of 10 kV, and is described in detail 

elsewhere20. We investigated blend and bilayer samples of highly brominated polystyrene (79% degree 

of Brornination) and polystyrene (PS). The blends (50/50% by weight) were spun cast from toluene 

solution onto a native oxide covered Si substrate.The film thickness was monitored with multiple 

wavelength ellipsometry. The bilayers were prepared by spin casting the PS and PBrS separately onto 

silicon substrates and then floating the PBrS layer on top of the PS layer. The samples were annealed on 

the substrate under vacuum to initiate the dewetting in the bilayer or to further increase the phase 

separation in the blends. The samples investigated with PEEM were left on the Si substrate, while the 

samples investigated with STXM were transferred to a TEM grid. The blends investigated had a 

thickness of about 45 nm, while the bilayer were 30 nm of PBrS on top of 30 to 40 nm thick PS. 

Homopolymer films were utilized to measure reference spectra as the basis for the quantitative 

NEXAFS analysis. The linear absorption coefficients of the two polymers are shown in Fig. l. Regarding 

bulk compositional analysis, we show as an example the results from a 30nm/40nm PBrS/PS bilayer 

annealed for one week at 180°C. We acquired STXM images of the same sample area at four 

characteristic energies: 281.8 eV (pre-edge), 285.2 eV (1t* of PS, main n* of PBrS), 286.5 eV (C-Br 

shifted 1t* of PBrS), and 310 eV (post-edge). Each image contains information about the PS and PBrS 

composition and thickness, with the weight governed by the linear absorption coefficient of the two 

polymers (Fig. 1). While these absorption micrographs (not shown here) by themselves provide a 

qualitative understanding of the dewetting morphology and to some extent dynamics, actual sample 

thickness maps or quantitative c<;>mposition maps can not be accurately determined from simple 

observation of these images. We have thus utilized a "singular value decomposition" procedure18 to 

calculate PS and PBrS equivalent thickness maps from the transmission images. This process makes use 

of the carefully measured absorption coefficients from the reference homopolymers (Fig. 1). 
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The quantitative PS, PBrS, and total thickness (sum of PS and PBrS) maps are shown in Figs. 2 (a), 

(b), and (c) respectively. From the figures, we can see the characteristic Voronoi tesselation dewetting 

patterns that form prior to droplet formation21. The respective line profile as indicated in the images is 

shown directly below each figure. From Fig. 2(a), we can see that a PS ridge surrounds the 

interconnecting strands of the PBrS layer. The PBrS core within the strands is seen in figure 2b to rise 

much more sharply. Consequently, it is clear that the contact angle between the PS and PBrS features can 

not be measured from the topographic features alone. Even though the dewetting process has not reached 

equilibrium yet, we estimate the contact angle from the cross sectional scan to be approx. 10° when 

measured from the PS and total density maps in figures 2a and 2c. This value is in agreement with that 

,.. obtained from atomic force microscopy of the sample before removal from the substrate. The contact 

angle of the PBrS core on the other hand is approx. 20° which is closer to the calculated value of 28° 

based on measurements of the interfacial energy of the two polymers22. 

In order to address the issue of encapsulation, we determined the surface composition of a similar 

sample, i.e. a 30nm/34 nm PBrS/PS bilayer annealed for 11 days. PEEM images acquired at 300 eV are 

presented in Fig. 3 and show Voronoi tesselation pattems21 similar to the ones observed in figure 2 with 

transmission NEXAFS. Contrast in PEEM is not only determined by composition, but also by topography 

and illumination. The sides of the spines and the spines themselves are dark due to topographic contrast 

that arises from the reduced collection efficiency in the PEEM from locations that are not perpendicular 

to the optical axis. In addition, the sample is illuminated at a shallow angle of about 30° and the local 

photon intensity of the sample depends on the topography. Partial or complete shadowing as well as 

increased emission can contribute to contrast in PEEM images. While the overall collection efficiency of 

the photoelectrons and the illumination contrast is effected by topography, spectra can still be acquired 

from any location of the sample that is at least partially illuminated. Unless the topographic contrast or 

charging depends on the photon energy, and hence would result in artifacts, any spectrum can in principle 

be normalized to the carbon edge continuum and quantitative analysis on a per carbon atom basis can be 

performed. We present spectra in Fig. 4 from various locations on the samples, including several 

locations along the spines and intersections as indicated by the boxes in Fig. 3. While these spectra have 

not been normalized to the carbon edge continuum, they clearly show that there is no spectral intensity at 

the C-Br shifted C-ls to 1t* energy of 286.3 eV that is characteristic of PBrS. Hence, the surface is pure 

PS everywhere on the sample within the characteristic probing depth of NEXAFS PEEM of about 10-20 

nm. We have also found that the PBrS is encapsulated in blends that have been annealed. The 

·•' 
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encapsulation of PBrS is consistent with the thermodynamically favored state where PS, the component 

with the lower surface energy segregates to the film surface4. 

In general, the dewetting process in thin polymer bilayers can consist of diffusi~e and flow 

processes both parallel and perpendicular to the polymer/polymer interface. We can obtain an estimate of 

the relative magnitude of these processes, i.e. diffusion/flow of the PBrS and PS along the PBrS/PS 

interface and PS perpendicular to the interface from figure 5, where we show area averaged PEEM 

spectra of bilayer samples annealed for l day, 2 days, and ll days. These spectra clearly show that 

encapsulation does not occur immediately at the onset of dewetting. After two days of annealing, the 

PBrS layer has already moved parallel to the PS interface to form holes, several microns in diameter, 

exposing the underlying PS at numerous places[Slep, 1998 #1094]. The lateral distance traveled by the 

PBrS along the polymer/polymer interface is much larger than the PBrS film thickness (approx. 40nm), 

yet the PS encapsulation, which requires perpendicular diffusion over a distance approx. the thickness of 

the PBrS overlayer, has not yet occurred. This is illustrated in figure 5, where we can see that the area

averaged spectrum after 2 days is still dom!nated by the PBrS overlayer. Encapsulation is essentially 

complete after annealing for 11 days (figure 4). This indicates that the diffusion/flow parallel to the 

interfaces is much faster for both PS and PBrS than the diffusion of PS perpendicular to the PS/PBrS 

interface. A possible explanation for this phenomenon may be that since the PS and PBrS are highly 

. immiscible, the diffusion of PS through the PBrS layer is severely hindered. The optimum path for 

encapsulation is then by PS diffusion/flow along the outer surfaces of the dewetting features. Hence the 

encapsulation process seems to be delayed until the dewetting of the PBrS layer from the PS interface has 

progressed sufficiently that a significant amount of exposed PS surface area has formed. 

In summary, we have used the unique combination of two complementary techniques, PEEM and 

STXM NEXAFS microscopy, to determine the three dimensional composition of polymer thin films. 

This allowed us to study both the surface and bulk morphology of PS/PbrS blends and the dewetting 

dynamics of PS/PbRS bilayers. Our results show that PBrS forms sharply delineated spines that become 

encapsulated in PS as the PBrS dewets the PS support film. The PS/PBrS contact angle is much larger 

than the contact angle measured with AFM of the external topographical features. The results 

demonstrate that the combination of STXM and PEEM is a powerful characterization tool for polymer 

thin films. 

The STXM data was acquired with the X-lA STXM developed by the group of Janos Kirz and 

Chris Jacobsen at SUNY Stony Brook, with support from the Office of Biological and Environmental 

Research, DOE contract DE-FG02-89ER60858, and NSF grant DBI-9605045. The zone plates were 

developed by S. Spector and C. Jacobsen of Stony Brook and D. Tennant of Lucent Technologies Bell 
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Captions: 

Fig. 1. Reference spectra of PS and PBrS normalized to the pre and post edge linear absorption 

coefficients of Henke23, assuming a density of 1.07 glcm3 for PS and 1.53 glcm3 for PBrs24. 

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 30nm/34 nm PBrS/PS bilayer annealed for 11 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 the different contrast mechanism in a PEEM and a STXM (see text for details). The 

boxes indicate the areas of which the spectra in Fig. 4 where acquired. The arrow bar equals 20 J.lm. 

Fig,. 4. Point spectra acquired with the PEEM from various locations on the sample as indicated by the 

boxes in Fig. 3, including several locations right on top of the spines and their intersections. 

Fig. 5. Evolution of PBrS peak in PEEM spectra from a 30nm/35nm PBrS/PS bilayer as a function of 

annealing time. 
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