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Polymer thin films have numerous technical applications as func-
tional coatings, the most prominent example being PMMA coatings for
lithography of integrated circuits and micromechanical devices. Poly-
mer blends and block copolymers can be tailored for specific mechani-
cal, optical, electric, and chemical properties. For instance, functional
surfaces have been created by means of polymer blend and diblock
copolymer films that may serve as templates for nanolithography [1] or
as antireflection coatings [2]. In the rapidly developing field of molecu-
lar electronics, opto-electronical properties of polymer films have been
exploited and first devices have appeared on the market [3].

The structure and properties of block copolymers in thin film geom-
etry can be significantly different from the bulk. The presence of two in-
terfaces, the air-film interface and the film-substrate interface, can in-
duce preferential ordering in the films, in particular if the film thickness
is on the order of the typical length scale of the block copolymer mi-
crostructure [4,5]. For thin films two interfacial contributions to the free
energy have been identified: the interface energies of each component
favoring the component with the lowest interfacial energy to accumulate
at the interface, as well as chain stretching parallel to the interface re-
ducing the interface entropy of the blocks, which may promote a per-
pendicular orientation of the lamellar interfaces with respect to the
walls. In Monte Carlo simulations of symmetric diblock copolymers,
which form a lamellar phase in the bulk, it was shown that the lamellae
orient parallel to the interface, if the interfacial energies of the blocks
differ considerably, whereas for similar interfacial energies of the blocks
a perpendicular orientation of the lamellae with respect to the interface
is favorable [6]. Experimental studies varying the interface selectivity
in a systematic way have been reported [7].

Another effect coming into play is the commensurability of the
lamella period with the film thickness, which again can either favor a
parallel (commensurate) or perpendicular (incommensurate) orientation

[8]. For polymer films with a free surface, it has frequently been found
that the film has two distinct thicknesses: istands or holes are formed in
the upper layers with a step height corresponding to one lamellar thick-
ness [9].

The classic tool in studying the structure of block copolymer thin
films is transmission electron microscopy (TEM) [10]. This technique
provides detailed local information on the microstructure, but is very
demanding in sample preparation. The perpendicular density profile of
thin films has traditionally been studied with X-ray reflectivity (XR)
[11], with some spectacular results on the PS-PMMA block copolymer
system, where the PMMA block strongly favors absorption on the polar
silicon oxide layer of a silicon wafer, leading to a parallel lamellar ori-
entation [5]. An important technique for imaging the surface structure of
block copolymer thin films is atomic force microscopy (AFM) in tap-
ping mode [1,12]. In order to overcome the problem of its exclusive sur-
face sensitivity, AFM has been combined with reactive ion etching [13],
so that details of the interior film structure could be identified locally. In
our studies, we have chosen to combine surface imaging by AFM with
a technique that does not lead to destruction of the sample and, more-
over, provides accurately averaged information about a large sample
area: grazing-incidence small-angle X-ray scattering (GISAXS).

Why did we choose the grazing-incidence geometry? Typical and
technically interesting substrates like silicon wafers or glass have thick-
nesses on the order of 1 mm and would require rather hard X-ray beams
for a transmission experiment. Furthermore, the weak scattering from a
film of typically 200 A to 2000 A thickness can be obscured by scatter-
ing from the substrate, whereas in grazing-incidence geometry the pen-
etration of the X-ray photons into the substrate is limited when the angle
of incidence is close to the critical angle. GISAXS was first applied to
the problem of nanoparticles on solid surfaces by Levine et al. [14] and
Naudon et al. [15]. There is currently strong interest in the technique
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Figure 1: GISAXS scattering geometry: incident angle o, in-plane scattering angle v,
and exit angle B. The cut of the incident plane with the area detector corresponds to
a detector scan in diffuse reflectivity. Lateral structure in the film gives rise to SAXS-
like scattering parallel to the sample surface. Line scans corresponding to these two
special situations are indicated as the red and green curves. The penetration of the X-
ray beam into the film is controlled by choosing appropriate incident angles close to
the critical angle.

for studying morphology and self-organization at solid surfaces during
growth and ion erosion [16], as well as characterizing the shape func-
tions and correlations of quantum dot arrays [17]. Earlier applications to
polymer films addressed the questions of dewetting and roughness cor-
relations between the substrate and the polymer film [18]. Finally, the
scattering theory is described within the framework of distorted-wave
Born approximation [19].

The information contained in a GISAXS intensity map is shown
schematically in Figure 1. We distinguish between the scattering paral-
lel and perpendicular to the sample surface, as indicated by the respec-
tive components of the scattering vector gy and q,. The intensity in the
incident plane is determined by the specular and diffuse reflectivity
[19], with diffuse Bragg sheets extending out into the g direction which
provide information on the perpendicular density profile of the film.
Paraliel to the surface small-angle scattering features can appear indi-
cating lateral ordering in the film. The scattering can be rod-like, such
as the scattering rods in grazing-incidence diffraction [20], or display
scattering rings, as in transmission SAXS. Since both the reflectivity
signal and the small-angle scattering signal fall off with q-4 according to
the laws of Fresnel and Porod, it is advantageous to measure the weak
scattering signals at low incident angles close to the critical angle, as
long as the film is still fully penetrated by the X-ray wave.
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CHESS D-line

Scattering experiments were performed at CHESS D-line. D-line is
located on a hard-bent dipole magnet of the CESR storage ring and uses
a W: C multilayer monochromator with about 1.5 percent band path pro-
viding 10'2 photons per mm? and sec at a photon energy of 8 keV. Two
collimation slits and a guard slit condition the beam before it impinges
onto the sample surface. With a typical sample footprint along the beam
of 40 mm and an incident angle around 0.2°, the sample accepts about
100 um of beam vertically. In order to prevent diffuse scattering due to
beam overspill, the vertical width was further reduced to 50 um. A 1.25
mm molybdenum rod mounted at a distance of about 1 m from the sam-
ple served as a beam stop for the direct beam of a horizontal width of
0.5 mm as well as for the intense reflected beam and the diffuse scat-
tering in the incident plane. The described set-up is able to resolve struc-
tures up to of 1000 A in size.

Custom-built fiber-optically coupled CCD cameras [21] were used
for the detection of the scattering intensity. Pixel sizes were 50.8 pim and
80 um, respectively, with image sizes of 1024 x 1024 pixels in both
cases. The dynamic range of these detectors extends from about 10 to
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50,000 counts per pixel, and is well adjusted to the rapidly decaying
scattering intensity. Exposure times are controlled by a fast shutter in the
incident beam. The detector is protected by a secondary slow shutter
during line-up. The outside of the slow shutter is coated with a large area
photocell, which was used to position the beam stop properly in the
direct and reflected beams. Furthermore, we could use the photocell to
position the sample into the beam and to detect the reflected beam from
the sample in order to identify scattering angles slightly above the criti-
cal angle.

The sample cell, shown in Figure 2, consists of a base plate to which
the samples could be clamped with soft leaf spring and a cover with 8
um Kapton windows. A reservoir in the sample cell below the sample
holder could be used to expose the samples to solvent vapor. The solvent
could be injected into the cell with a syringe and a long Teflon capillary
tube from outside the hutch. A small light bulb mounted on the top lid
of the cell prevented condensation of the solvent on the sample surtace
and the windows by raising their respective temperatures by a couple of
degrees above ambient. The cell was mounted on a goniometer control-
ling the incident angle and the sideways tilt of the sample. The sample
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Figure 2: Cross section through the sample cell used for vapor treatment of polymer
thin films, viewed in beam direction. The X-ray beam enters and exits the cell through
thin Kapton windows. Toluene liguid can be injected into a reservoir below the sam-
ple from outside the hutch via a long Teflon tube. In order to avoid cross-linking due
to radiation damage, which would affect the dynamics of the film, the cell can be
shifted laterally through the beam for successive exposures. A small light bulb
mounted on the top of the cell provides a small amount of heating to prevent con-
densation of solvent vapor on the sample and on the windows.

could be centered accurately in the beam with a height translation. More-
over, in order to control radiation damage on the films, the cell could be
shifted laterally to expose fresh parts of the sample to the beam. This
way, up to 30 pristine spots could be examined on a single sample.

Samples were prepared by spin coating of polymer solution onto
silicon wafers. Toluene was used as a close-to non-selective solvent for
symmetric polystyrene-polybutadiene (PS-PB) diblock copolymers of
molecular weights between 13.9 and 183 kg/mol. In earlier experiments,
we observed a previously unpredicted molar mass dependence of the
film morphology [22]. Low-molar mass films (13.9-69.9 kg/mol) pre-
ferred a parallel ordering of the lamellae, whereas lamellae of high-
molar mass films (91.9-183 kg/mol) ordered perpendicular to the sub-
strate, as evident from the surface texture AFM image in Figure 3a and
the Bragg rods in the GISAXS map (Figure 3b).

In order to investigate the stability of such films, we exposed a high
molar mass film (183 kg/mol) to solvent vapor. With 10 sec exposures
and about 20 sec read-out time we could follow morphology changes in
the film on a time scale of minutes. We observed changes in the scatter-
ing intensity during half an hour after injection of the solvent into the
cell [23]. Before solvent exposure, the GISAXS map was characterized
by scattering rods with a gj-vector close to the bulk lamella period, in-
dicating a perpendicular orientation of the lamellae (see Figure 3b).
After solvent exposure these scattering rods curved inwards to form a
partial ring (Figure 4a), which indicates that there were undulations of
the lamellar interfaces. Hence exposure to solvent vapor induces a tran-
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Figure 4: Time-evolution of the GISAXS pattern of the sample shown in Figure 3 during exposure to toluene vapor. (a) 1 min, (b) 4 min, (c) 17 min, and (d) 33 min, after
toluene injection into the sample chamber. Already after 1 min of exposure, the rods start to curve, indicative of tilting of the lamellae upon solvent uptake. After 17 min the
film is fully swollen to about twice its initial thickness, as estimated from the decrease of the extend of the Bragg rod. After 33 min no more significant changes are observed;
the film appears to have taken up the equilibrium toluene concentration at ambient temperature.
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sition from a 2D powder (lamellar domains with a preferential orienta-
tion perpendicular to the surface) to a more bulk-like 3D powder (lamel-
lar domains with arbitrary orientation) on as short a time scale as min-
utes. Moreover, the spread of the scattering intensity perpendicular to
the surface was reduced showing the swelling of the polymer film (Fig-
ure 4c,d). Surprisingly, when the solvent vapor was removed the scat-
tering revealed again 2D-like scattering rods, i.e. the transformation was
at least partially reversible. Hence the investigated films seem to form
relatively stable structures despite the strong non-equilibrium character
of the spin-coating process.

Conclusion

In summary, we have shown that the GISAXS technique can be
exploited to investigate the lateral structure of polymer thin films on a
mesoscopic length scale of up to ~1000 Aa variety of film morpholo-
gies were observed for symmetric diblock copolymers of different mo-
lecular weights. The GISAXS scattering signal is sufficiently strong to
permit studies of the film dynamics on a time scale of minutes. Basic
scattering features are visible in the CCD detector images even within
exposure times of seconds. Hence, a time-scale of seconds seems ac-

I CLRC
)aresbury Synchrotron

cessible by optimizing the detection scheme. A GISAXS set-up is being
included in the new ultra-high flux CHESS Gl station presently under
construction. m
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