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Polymer thin films have numerous technical applications as functoasihgs, the most
prominent example being PMMA coatings for lithography of integratecuits and
micromechanical devices. Polymer blends and block copolymers canldredaior
specific mechanical, optical, electric, and chemical properties.irfStance, functional
surfaces have been created by means of polymer blend and diblock copblyreer
which may serve as templates for nanolithography [1] or as d&titieh coatings [2]. In
the rapidly developing field of molecular electronics, opto-electrbrpcaperties 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 geomedry be

significantly different from the bulk: The presence of two intef the air-film interface



and the film-substrate interface, can induce preferential ordennthe films, in
particular, if the film thickness is on the order of the typiesigth scale of the block
copolymer microstructure [4,5]. For thin films two additional intagbicontributions to
the free energy have been identified: the interface energieacbf component favoring
the component with the lowest interfacial energy to accumulake anterface, as well as
chain stretching parallel to the interface reducing the inter&adropy of the blocks
which may promote a perpendicular orientation of the lamellar auesfwith respect to
the walls. In Monte Carlo simulations of symmetric diblock copolgnehich form a
lamellar phase in the bulk, it was shown that the lamellae qaeatlel to the interface,
if interfacial energies of the blocks differ considerably, wherea similar interfacial
energies of the blocks, a perpendicular orientation of the lameltaer@gpect to the
interface is favorable [6]. Experimental studies varying therfade selectivity in a
systematic way have been reported [7]. Another effect coming irag i3 the
commensurability of the lamella period with the film thickness,ctvfagain can either
favor a parallel (commensurate) or perpendicular (incommensuraajation [8]. For
polymer films with a free surface, it has frequently been foundttieafilm has two
distinct thicknesses: Islands or holes are formed in the uppes kegein corresponding to

one lamellar thickness [9].

The classic tool in studying the structure of block copolymer thinsfils transmission
electron microscopy (TEM) [10]. This technique provides detailed iofatmation on
the microstructure, but is very demanding in sample preparation. Tpenpléular

density profile of thin films has traditionally been studied withax-reflectivity (XR)



[11], with some spectacular results on the PS-PMMA block copolyysezra, where the
PMMA block strongly favors absorption on the polar silicon oxide layea aflicon
wafer [5]. An important technique for imaging the surface struatfitdock copolymer

thin films is atomic force microscopy (AFM) in tapping mode [1,12]. drder to
overcome the problem of its exclusive surface sensitivity, AFMbleas combined with
reactive ion etching [13], so that details of the interior filnmcture could be identified
locally. In our studies, we have chosen to combine surface imagingFhy with a
technique which does not lead to destruction of the sample and moreover, $rovide
accurately averaged information about a large sample aremggracidence small-angle

x-ray scattering (GISAXS).

Why did we choose the grazing-incidence geometry? Typical and ¢adiinnteresting
substrates like silicon wafers or glass have thicknesses ondéeafrl mm and would
require rather hard x-ray beams for a transmission experimeritheFmore the weak
scattering from a film of typically 200 A to 2000 A thickness canobecured by
scattering from the substrate, whereas in grazing-incidenceegigothe penetration of
the x-ray photons into the substrate is limited, when the angle idemee is close the
critical angle. GISAXS has been first applied to the problem obparticles on solid
surfaces by Levine et al. [14] and Naudon et al. [15]. Nowadays ghsteng interest in
the technique for studying morphology and self-organization at solidcesrfauring
growth and ion erosion [16] as well as characterizing the shapéofuseind correlations
of quantum dot arrays [17]. Earlier applications to polymer filmsesddd the questions

of dewetting and roughness correlations between the substrate andythergdin [18].



Finally, the scattering theory is described within the framewbr&tistorted-wave Born

approximation [19].

The information contained in a GISAXS intensity map is shown scheatftatin Fig 1.
We distinguish between the scattering parallel and perpendicutes sample surface, as
indicated by the respective components of the scattering wgaiod g. The intensity in
the incident plane is determined by the specular and diffuse natiegt9], with diffuse
Bragg sheets extending out into thg direction which provide information on the
perpendicular density profile of the film. Parallel to the surfacall-angle scattering
features can appear indicating lateral ordering in the film.staéering can be rod-like,
such as the scattering rods in grazing-incidence diffraction [204lispday scattering
rings, as in transmission SAXS. Since both the reflectivity signd the small-angle
scattering signal fall off with § according to the laws of Fresnel and Porod, it is
advantageous to measure the weak scattering signals at lowninardges close to the

critical angle, as long as the film is still fully penetrated by the x-rayew

Scattering experiments were performed at CHESS D-linen®i8 located on a hard-
bent dipole magnet of the CESR storage ring and uses a W:Cawyairltthonochromator
with about 1.5% band path providing'i@hotons per mfand sec at a photon energy of
8 keV. Two collimation slits and a guard slit condition the beam b&famginges onto
the sample surface. With a typical sample footprint along the liéad® mm and an
incident angle around 0.2°, the sample accepts aboutriGff beam vertically. In order

to prevent diffuse scattering due to beam overspill, the verticthwias further reduced



to 50mm. A 1.25 mm molybdenum rod mounted at a distance of about 1 m from the
sample served as a beam stop for the intense reflected beanffasel ghiattering of 0.5
mm horizontal width in the incident plane. The described set-up is tabtesolve

structures up to of 1000 A in size.

Custom-built fiber-optically coupled CCD cameras [21] were usedh®rdetection of
the scattering intensity. Pixel sizes were 508 and 80nm, respectively, with image
sizes of 1024 x 1024 pixels in both cases. The dynamic range of thesmdeextends
from about 10 to 50,000 counts per pixel, and is well adjusted to the rapadlyirtp

scattering intensity. Exposure times are controlled by a fasgtes in the incident beam.
The detector is protected by a secondary slow shutter during lindhapulside of the
slow shutter is coated with a large area photocell, which waktasgosition the beam
stop properly in the direct and reflected beams. Furthermore we useilthe photocell
to position the sample into the beam and to detect the reflectedftmearthe sample, in

order to identify scattering angles slightly above the critical angle.

The sample cell, shown in Fig. 2, consists of a base plate to Wwieadamples could be
clamped with soft leaf spring and a cover withm8 Kapton windows. A reservoir in the
sample cell below the sample holder could be used to expose the sampglavent
vapor. The solvent could be injected into the cell with a syringe alwhga Teflon
capillary tube from outside the hutch. A small light bulb mounted onadjnéid of the
cell prevented condensation of the solvent on the sample surface anddogvsvby

raising their respective temperatures by a couple of degrees aimdvent. The cell was



mounted on a goniometer controlling the incident angle and the sideiltags the

sample. The sample could be centered accurately in the beam etgha translation.
Moreover, in order to control radiation damage on the films, the oaldde shifted
laterally, to expose fresh parts of the sample to the beam.wHyisup to 30 pristine

spots could be examined on a single sample.

Samples were prepared by spin coating of polymer solution onto siliatamswvToluene
was used as a close-to non-selective solvent for symmetrictyelys-polybutadiene
(PS-PB) diblock copolymers of molecular weights between 13.9 and 183 kdfmol
earlier experiments, we observed a previously unpredicted molard®assdence of the
film morphology [22]: Low-molar mass films (13.9-69.9 kg/mol) prefereegbarallel
ordering of the lamellae, whereas lamellae of high-molar ilass (91.9-183 kg/mol)
ordered perpendicular to the substrate, as evident from the sufaoe #®FM image in

Fig. 3a and the Bragg rods in the GISAXS map (Fig. 3b).

In order to investigate the stability of such films, we expodeidtamolar mass film (183
kg/mol) to solvent vapor. With 10 sec exposures and about 20 sec readeoweticould

follow morphology changes in the film on a time scale of minutesold¢erved changes
in the scattering intensity during half an hour after injectiorhefdolvent into the cell
[23]. Before solvent exposure, the GISAXS map was characterizestatiering rods
with agj-vector close to the bulk lamella period, indicating a perpendicukantation of

the lamellae (see Fig. 3b). After solvent exposure these rsogtteds curved inwards to

form a partial ring (fig. 4a), which indicates that there wandulations of the lamellar



interfaces. Hence exposure to solvent vapor induces a transition frdh @owder
(lamellar domains with a preferential orientation perpendicul@éihdcsurface) to a more
bulk-like 3D powder (lamellar domains with arbitrary orientation) snshort a time
scale as minutes. Moreover, the spread of the scattering intpesggndicular to the
surface was reduced showing the swelling of the polymer filign @b,c). Surprisingly,
when the solvent vapor was removed, the scattering revealed agaike 2&gattering
rods, i.e. the transformation was at least partially reverdildace the investigated films
seem to form relatively stable structure despite the strong aquohbeium character of

the spin-coating process.

In summary, we have shown that the GISAXS technique can be exploitedestigate
the lateral structure of polymer thin films on a mesoscopic teserle of up to ~1000 A.
A variety of film morphologies were observed for symmetric diblookolymers of
different molecular weights. The GISAXS scattering signabudficiently strong to
permit studies of the film dynamics on a time scale of minlasic scattering features
are visible in the CCD detector images even within exposure theeconds. Hence, a
time-scale of seconds seems accessible by optimizing thdaioketscheme. A GISAXS
set-up is being included in the new ultra-high flux CHESS G1 statiesently under

construction.
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Figure captions

Fig. 1. GISAXS scattering geometry: incident anglein-plane scattering angle, and
exit angleb. The cut of the incident plane with the area detector correspondietector
scan in diffuse reflectivity. Lateral structure in the filiweg rise to SAXS-like scattering
parallel to the sample surface. Line scans corresponding to thesspécial situations
are indicated as the red and green curves. The penetration ofayéeam into the film

is controlled by choosing appropriate incident angles close to the critical angle.

Fig 2. Cross section through the sample cell used for vapor treatmentyaigoahin
films, viewed in beam direction. The x-ray beam enters and tatgell through thin
Kapton windows. Toluene liquid can be injected into a reservoir belowathpls from
outside the hutch via a long Teflon tube. In order to avoid cross-linkingodwaeliation
damage, which would affect the dynamics of the film, the cellbzashifted laterally
through the beam for successive exposures. A small light bulb mountkd toptof the
cell provides a small amount of heating to prevent condensation of seammt on the

sample and on the windows.

Fig. 3. A thin PS-PB film with a molar mass of 183 kg/mol, bulk lamellar period of 839 +
13 A, and a film thickness of 2320 A. (a) Tapping mode AFM height imMagsge size

is size 3mm x 3mm. The vertical scale between darkest and lightest parts aintdge
corresponds 80 nm. (b) GISAXS intensity map on a logarithmic sda¢ein€ident angle

was 0.20° at a photon energy of 8 keV. The vertical stripe down the nofidre



GISAXS pattern is the shadow of the beamstop. Straight Braggatagsof 0.008 A

indicate the formation of perpendicular lamellae.

Fig. 4. Time-evolution of the GISAXS pattern of the sample shown in Fig. Bglur
exposure to toluene vapor. (a) 1 min, (b) 17 min, (c) 33 min. after tologration into
the sample chamber. Already after 1 min of exposure, the rodsostart/e, indicative of
tilted lamellae. After 17 min the film is fully swollen to abduice its initial thickness,
as estimated from the decrease of the extend of the Bragg fted.38 min no more
significant changes are observed: the film appears to have takeme wgquilibrium

toluene concentration at ambient temperature.
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Fig. 1. GISAXS scattering geometry: incident anglein-plane scattering angie, and
exit angleb. The cut of the incident plane with the area detector correspondietector
scan in diffuse reflectivity. Lateral structure in the filiweg rise to SAXS-like scattering
parallel to the sample surface. Line scans corresponding to thesspécial situations
are indicated as the red and green curves. The penetration ofap®eam into the film

is controlled by choosing appropriate incident angles close to the critical angle.
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Fig 2. Cross section through the sample cell used for vapor treatmentyaigoahin
films, viewed in beam direction. The x-ray beam enters and tatgell through thin
Kapton windows. Toluene liquid can be injected into a reservoir belowathpls from
outside the hutch via a long Teflon tube. In order to avoid cross-linkingodaeliation
damage, which would affect the dynamics of the film, the cellbmshifted laterally
through the beam for successive exposures. A small light bulb mountkd tptof the
cell provides a small amount of heating to prevent condensation of sedmmt on the

sample and on the windows.
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Fig. 3: A thin PS-PB film with a molar mass of 183 kg/mol, bulk lamellar period of 839 +
13 A, and a film thickness of 2320 A. (a) Tapping mode AFM height imegmge size

is size 3mm x 3mm. The vertical scale between darkest and lightest parts ahtdge
corresponds 80 nm. (b) GISAXS intensity map on a logarithmic sda¢ein€ident angle
was 0.20° at a photon energy of 8 keV. The vertical stripe down the nofidies
GISAXS pattern is the shadow of the beamstop. Straight Braggatagsof 0.008 A

indicate the formation of perpendicular lamellae.



Fig. 4. Time-evolution of the GISAXS pattern of the sample shown in Fig. Bglur
exposure to toluene vapor. (a) 1 min, (b) 4 min, (c) 17 min, (d) 33 mar. tatuene

injection into the sample chamber. Already after 1 min of exposheerads start to
curve, indicative of tilted lamellae. After 17 min the film igdly swollen to about twice
its initial thickness, as estimated from the decrease ofxtiemc of the Bragg rod. After
33 min no more significant changes are observed: the film appehaveéaaken up the

equilibrium toluene concentration at ambient temperature.



