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ABSTRACT: Investigating the thickness dependence of ordered structure of thin films of electrically
conducting conjugated polymers with nano-ordered morphologies is essential for optimizing their applica-
tions in advanced electrooptic devices. We demonstrate here that by spin-coating a small drop of a
conjugated-coil diblock copolymer, a thickness gradient varying between tens of nanometers to a few
micrometers is formed at the drop rim. Compared to other widely used solution casting methods for the
preparation of thickness gradients, the spin-coated drop technique produces film gradients with thickness in
the interesting range for most applications in an extremely short preparation time. Using a submicrometer-
sized X-ray beam and a scanning technique, spatial mappings of the gradient area are obtained with
submicrometer grazing incidence small-angle X-ray scattering (sub-μGISAXS) for the first time. Investigat-
ing the thickness gradientwith sub-μGISAXShas the advantage of saving the preparations and investigations
of many samples each with a certain thickness under identical conditions. As a model system, we use the
diblock copolymer polystyrene-block-poly( p-phenylene) with a thickness gradient ranging between 80 and
2280 nm. Detailed analysis of the scattering patterns at selected positions along the gradient identifies
a regime of lateral order within a thickness range of 80-210 nm.

1. Introduction

Electrically conducting conjugated polymers are attracting
much interest due to their potential applications in new electro-
optic devices such as inexpensive and flexible LEDs, transistors,
and photovoltaic cells.1-5 Producing phase-separated structures
of these polymers with controlled size and shape on the nanoscale
constitutes a promising approach in the fields of organic photo-
voltaics and molecular electronics.6-13 One nonlithographic
approach to achieve such nanostructures is offered by the
synthesis of block copolymers including at least one conjugated
sequence. Block copolymers have the ability to self-assemble
into a series of periodic microdomains with a 10-100 nm period
through microphase separation in the solid state or micelliza-
tion in solution.14-23 Their morphology can be adjusted by
changing the chemical structures of the constituting blocks as
well as their conformational properties and composition. The
various morphologies resulting from the microphase separation
have been described in detail for copolymers in which the
components aremade of flexible chains (coil-coil copolymers).14

However, the incorporation of a rodlike conjugated sequence into
a block copolymer results in a rod-coil molecular structure and
significant changes in the observed morphologies compared to
coil-coil copolymers.24,25 This is because the self-assembly of
rod-coil copolymers is no longer solely determined by the micro-
phase separation of its constituent blocks but is also affected by
the liquid crystalline or crystalline ordering of the rod block.26-32

The optical, electrical, and mechanical properties of thin solid
films of conjugated-coil copolymers intimately depend on the

intermolecular interactions, and these in turn are dependent on
the packing of the copolymer molecules. Therefore, the con-
trolled preparation of thin films of well-ordered nanometer-sized
structureswith chemical functionalities andphysical properties of
conjugated polymers opens the possibility of controlling optoe-
lectronic properties such as light emission, charge transfer, and
charge transport on the nanoscale. Well-ordered thin films of
conjugated polymers have been prepared using various techni-
ques (e.g., solution casting, pulsed laser deposition, Langmuir-
Blodgett, spin-coating).4,33The spin-coating technique has
emerged as a popular choice because of the advantages it offers
compared to the other techniques; it is fast and less demanding.
Moreover, spin-coating is widely used in industry and thus
promising for applications.

A detailed investigation of the film morphology and under-
standing the ordering of conjugated-coil block copolymers in thin
films, where geometric confinement and surface segregation play
a large role in determining the microphase structure, is essential
for optimizing the properties of conjugated materials. To this
end, several techniques have been used. Among these techniques,
grazing incidence small-angle X-ray scattering (GISAXS) has
proven to be a powerful advanced scattering technique for the
investigation of nanostructured films. Its potential as a nondes-
tructive technique for determining depth-dependent informa-
tion regarding the nanostructure and morphology of patterned
thin nanocomposites and polymer films has been widely
exploited.34-42 Employing a submicrofocus X-ray beam with a
reflection geometry, a submicrofocus grazing-incidence small-
angle X-ray scattering (sub-μGISAXS) is realized, opening up
new possibilities.39 The small beam size reduces the illuminated*Corresponding author. E-mail: m.alhussein@ju.edu.jo.
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sample volume and thus offers the opportunity to achieve
position-sensitive scattering information even on locally curved
surfaces.42 Together with a scanning technique, spatial mappings
of inhomogeneous thin films become possible.41-43

Here, we first demonstrate that a drop with a thickness
gradient of a conjugate-coil diblock copolymer can be prepared
by the spin-coating technique. Then, by scanning the gradient
with a sub-μ-focus X-ray beam, we are able to investigate the
structure and morphology of different positions along the gra-
dient. This combinatorial approach is equivalent to investigating
many single films of different thicknesses prepared under exactly
the same conditions, thus saving the preparations and investiga-
tions of many samples each having a certain thickness.44 The
model system we used in this study is a diblock copolymer
containing a fully conjugated poly(p-phenylene) (PPP) segment,
associated with a polystyrene (PS) block, P(S-b-PP). Dynamic
light scattering results show that the diblock forms micellar
objects in toluene solution. These micelles constitute the basic
units in spin-coated thin films after solvent evaporation too.
AFM images show that they are spherical in shape regardless of
the film thickness. Detailed sub-μGISAXS measurements reveal
thickness-dependent lateral ordering of these micelles. For thick-
nesses up to 210 nm, the micelles are packed in monolayers with
the layers normals oriented parallel to the film surface and an
interlayer period of about 19 nm.

2. Experimental Section

2.1. Samples. The diblock copolymer investigated was pur-
chased fromPolymer Source, Inc., andused as received. It consists
of poly(styrene) and poly(p-phenylene) blocks (P(S-b-PP))
withMn of the PS and PPP blocks of 5700 and 2900, respectively.
This results in about 0.23 volume fraction of the PPP block. The
polydispersity (Mw/Mn) of the diblock copolymer is 1.14.

2.1.1. Solution Preparation. Solutions with concentrations
ranging from 0.5 to 25 mg/mL were prepared by dissolving the
copolymer powder in a filtered toluene solution at ambient
conditions. The solution was stirred for about 2 h and then
filtered with a 0.2 μm PTFE filter. A clear colored (dark red)
solution was obtained.

2.1.2. Film Preparation. The gradient was prepared by spin-
coating a 30 μL drop of 25 mg/mL toluene solution onto a
silicon substrate at 3000 rpm for 30 s. The silicon substrate was
cleaned prior to spin-coating with hydrofuran (HF) solution to
start with a defined chemical surface. For the spin-coated
drop technique it is essential that the amount of the solution
did not cover the whole substrate area so that the solution
would not reach the substrate edge during the spinning process.
No subsequent annealing was performed on the resulting film.
This resulted in a somewhat circular thin film with a homo-
geneous thickness in the central region and a thickness gradient
at the rim.

2.2. Dynamic Light Scattering (DLS). Possible association of
the P(S-b-PP) diblock in solution was studied by dynamic light
scattering (DLS) using a dynamic light scattering spectrometer
with goniometer and monomode fiber detection (ALV-Laser
GmbH, Langen). The laser used was a 150 mW frequency-
doubled Nd:YAG laser at 532 nm (Coherent DPSS 532-150).
Polymer solutions were filtered directly into dust-free light
scattering cells. The correlation function of the scattered inten-
sity was calculated using an ALV-5000 correlator on a logarith-
mic time scale ranging from 10 ns to 10 s. Data of transparent
solutions were collected at scattering angles of 90�. The tem-
perature was controlled by a thermostat bath and was set at
20 �C. The hydrodynamic diameter (Dh) and the size distribu-
tion of the aggregates were obtained by analyzing the experi-
mental intensity correlation function as described elsewhere.45

2.3. Optical Investigation. The film surface was observed with
opticalmicroscopyusingaZeissAxiotech25Hopticalmicroscope.

AHitachi KP-D50 CCD camera recorded the micrographs with a
magnification ranging between 1.25 and 100.

2.4. Atomic ForceMicroscopy.The surfacemorphology of the
thin film was investigated by atomic force microscopy (AFM)
at room temperature using a PARKAutoprobeCP atomic force
microscope. Imaging was done in the noncontact mode using
standard silicon cantilevers with a resonant frequency of about
80 kHz and a silicon tip with a curvature radius of 10 nm and
a spring constant of 2.1 N/m. AFM topographic images were
used also to determine the thickness profile of the drop after
making a scratch across the drop.

2.5. Submicrobeam Grazing Incidence Small-Angle X-ray

Scattering (Sub-μGISAXS). Sub-μGISAXS experiments were
conducted at the ID13 Beamline (ESRF, Grenoble) at a wave-
length of λ = 0.097 nm. The beam was focused to the size of
(0.5� 1.0) μm2 using an assembly of Fresnel zone plates. For the
basic setup, see ref 39. The sample was placed horizontally
(xy plane), and the X-ray beam impinged on the sample under
a fixed incident angle of Ri =0.62� (see Figure 1). The resulting
footprint on the sample was 0.5 � 92.4 μm2. The thickness
gradient was placed perpendicular to the X-ray beam direction
and scanned at different y positions using a step size of 10 μmby
shifting the sample in the submicrobeam along the gradient. The
scattering patterns were recorded with a 2DMAR-CCD detec-
tor with a pixel size of 79 μm at a distance of 840 mm from the
sample. Radiation damage was avoided by properly adjusting
the exposure time between 1 and 100 s. The primary beam and
the strong specular reflection from the sample were blocked by
lead beam stops to avoid saturation of the detector.35 The
resulting data set was a map of intensity I(Ψ,Rf), where Ψ is
the out-of-plane angle and Rf is the exit angle. The chosen
incident angle is well above the critical angle of both the polymer
film and the substrate (Rc(P(S-b-PP)) = 0.102�, Rc(Si) =
0.144�); therefore, the Yoneda peaks of both polymer blocks
and the specular peak are well separated on the 2D detector.
Moreover, at this angle of incidence (Ri > Rc) surface and bulk
nanostructures of the polymer film are accessible. Scattering
angles were converted into q-space. Structural information is
obtained then using line cuts: horizontal cuts (qy cuts) at
constant qz value and vertical cuts (qz cuts) at constant qy value
of the 2D intensity distribution with qy = 2π/λ(sin Ψ cos Rf)
and qz=2π/λ[sin Ri + sin Rf].

35,38While the horizontal cuts are
used to obtain information about the lateral structure, the
vertical cuts provide information about the structure normal
to the sample surface. Generally, the vertical cuts are presented
as plots of the scattering intensity versus the detector angle,Φ=
Ri + Rf. To improve statistics, all cuts were integrated over a
limited q-range.

3. Results

3.1. Solution Aggregation.The association of the P(S-b-PP)
copolymer in toluene solution was probed by DLS first.
Figure 2 shows a typical intensity-intensity correlation func-
tion for a solution with a 25 mg/mL concentration. The
correlation function was then analyzed to deduce the size dis-
tribution function.45 Two different populations are observed:
the first one is nearly monodisperse withDh at 20 nm, and the
second one is more polydisperse with Dh at 65 nm. Similar
general behavior has been exhibited by all solutions regardless
of their concentrations. This clearly shows that although
toluene is nominally a good solvent for bothblocks aggregates
of the P(S-b-PP) copolymer are formed in solution. Informa-
tion regarding the shape of these aggregates was provided by
AFM images of thin films prepared from these solutions as
shown below.

3.2. Thin Films. A thickness gradient of the P(S-b-PP)
copolymer was prepared with the spin-coating drop techni-
que as described above. No additional solvent or thermal
annealing was carried out in order to trap the aggregates
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formed in solution and not to modify them. Figure 3 shows
an optical image of the resulting film. As can be seen, while
the central part of the drop exhibits only one color due to its
homogeneous thickness, different interference colors are
exhibited at the rimof the drop indicating a varying thickness
of the film in this region. As it is difficult to extract height
information from this optical image, we tried othermethods.
Attempts to quantify the thickness gradient using imaging
ellipsometry with a spatial resolution of 2 μm were not
successful due to the difficult nature of the gradient.35

Therefore, we resorted to a more destructive method. First,
a scratch along the gradient wasmade carefully using a sharp
needle. It was made sure that the scratch did not affect the
silicon substrate underneath the film. Then the depth of this
scratch was constructed from height profiles of successive
AFM images along it. The resulting thickness profile is
shown in Figure 4; the thickness is denoted by t, while the
distance from the rim is denoted by d. The drop exhibits a
thick outer ring (height∼ 2200 nm), then the thickness drops
to around 80 nm, next it increases gradually to about 400 nm,

and finally it decreases again until it reaches the homoge-
neous central part of the film of thickness around 80 nm.This
shows that a drop with a thickness gradient ranging between
80 and 2200 nm is accessible using spin-coating. The gradient
area can be considered as an ensemble of many spin-coated
films eachwith a specific thickness. One can vary the range of
the gradient using other solution concentrations. Nonethe-
less, the maximum thickness achieved, ∼2200 nm, is large
enough for most applications. On the other hand, very thin
films cause dewetting, and thus the rimwill be detached from
the central part of the drop. Therefore, a concentration of
25 mg/mL seems a good choice for the P(S-b-PP) copolymer.
The morphology at selected places of different thicknesses
of the drop was investigated by AFM. Figure 5 shows
representing topographic images at four different positions
along the thickness gradient. Position A has a thickness of
1500 nm, position B lies at 100 μm from position A inside
the drop with a thickness of 185 nm, position C is at 100 μm
from position Bwith a thickness of 320 nm, and positionD is
at 100 μm from position C with a thickness 250 nm
(see Figure 4). All images show somewhat spherical objects
with different sizes and some depressions on the surfaces of
3-5 nm depth. Evidently, the appearance of the spherical
objects is independent of the film thickness. However, AFM
can only probe the surface with no insights regarding the
inner structure of the film. With scattering methods such
structures become accessible. GISAXS has been the techni-
que of choice in thin film geometries. In conventional

Figure 1. Schematic drawing of the μGISAXS experimental setup. The
sample is placed horizontally (xy plane), and the X-ray beam impinged
on the sample under a fixed incident angle of Ri = 0.62�. The thickness
gradient is placed perpendicular to the beam and scanned at different
y positions using a step size of 10 μm by shifting the sample in the
microbeam along the y-direction across the gradient.

Figure 2. A typical measured (circles) intensity-intensity correlation
function for a solution with a 9 mg/mL concentration. The solid line
is the best fit calculated from the radial size distribution, as measured
with DLS.

Figure 3. Opticalmicroscope image of a spin-coated drop. The scanned
area is marked by the black rectangle. The bar size is 300 μm.

Figure 4. Thickness profile for the spin-coated drop as deduced from
successive topographic AFM images taken along a scratch made
through the thickness gradient. Position A is at thickness of 1500,
position B lies at 100 μm from position A inside the drop at thickness of
185 nm, position C is at 100 μm from position B at thickness of 320 nm,
and position D is at 100 μm from position C at thickness 250 nm.
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GISAXS, theX-ray beamhas typically a diameter of 400μm,
which renders it unsuitable for our drop. Because of the large
size of the beam compared to the gradient area, the scattering
signal would be averaged over most of the gradient area and
thus losing local structural information. Moreover, because
of the curvature of the drop, scattering with a beam of a
comparable size to the curvature radius would give a dis-
torted GISAXS signal. A typical μ-focus beam has a dia-
meter of 5 μm, which is still big for probing our drop. To
overcome these problems, we used a sub-μ-focus beam to
perform GISAXS. An X-ray beam with a diameter of only
0.5 μm is used; thus, local ordered structures parallel and
perpendicular to the surface throughout the whole film
became attainable. Sub-μGISAXS patterns were recorded
at 35 positions along the gradient, starting at the drop rim
and scanning toward the center of the dropwith a step size of
10 μm. Because of the small beam size, each pattern repre-
sents a film of a certain thickness and has to be treated
separately. Figure 6 presents representative patterns at posi-
tions A, B, C, and D defined above. Common features of the
patterns are the specular peak and the diffuse scattering
including the Yoneda peak. Although the AFM images
shown in Figure 5 look basically similar, their corresponding
scattering patterns show some differences in the region of the
Yoneda peak. In pattern A, only a weak Yoneda peak is
observed with no pronounced out-of-plane scattering. In
pattern B, strong two streaks are visible, which can be taken
as a sign of order. In pattern C, the two streaks merge into a
diffuse less pronounced streak. Finally in pattern D, the
single streak becomes smaller and weaker in intensity. To
obtain more quantitative data, we performed horizontal and
vertical line cuts for each pattern. As for the horizontal cuts,
we performed them at a fixed exit angle corresponding to the
Yoneda peak of the copolymer. Figure 7 shows the intensity
distribution as a function of qy, along the out-of plane
direction at the four positions of Figure 4. A broad peak at
qy = 0.33 nm-1 can be seen more pronounced in some
patterns than others. The solid line is the best fit of the whole
curve obtained using two Lorentzians plus a constant back-
ground. The results of all fits performed on the 35 patterns

are summarized by plotting the normalized intensity and the
full width at half-maximum (fwhm) of this peak as functions
of the scanned position in Figure 8. The distance from the
rim can be translated into film thickness using Figure 4. The
curve shows a peak in intensity and a minimum in the fwhm
in the range of 60-170 μm distance from the rim. To
investigate any possible layering along the normal to the
film surface, we performed qz line cuts. Such layering is

Figure 5. RepresentativeAFMtopographic images at positionA,B, C,
and D of Figure 4. The size of each image is 2 � 2 μm2. For clarity of
representation, the color bar is adjusted for each image independently.

Figure 6. Sub-μGISAXS patterns obtained at position A, B, C, and D
of Figure 4. In each pattern qy varies between -0.717 and 0.700 nm-1

and qz varies between 0.545 and 2.20 nm-1.

Figure 7. Intensity distribution as a function of qy, along the out-of
plane direction at the four positions of Figure 4. The curves are shifted
along the y-axis for clarity. The solid line is the best fit of thewhole curve
obtained using two Lorentzians plus a constant background.
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evidenced by the appearance of Bragg peaks in the curve
of the scattering intensity versus the detector angle corre-
sponding to the periodic spacing. Figure 9 shows repre-
sentative curves at positions A, B, C, and D in a semilog
scale. Obviously, none of the curves show any discernible
Bragg peaks.

4. Discussion

The DLS results presented confirm the formation of micellar
objects in the solution of the P(S-b-PP) copolymer. This might
come as a surprise since toluene is a good solvent for both blocks,
and therefore the formation of aggregates in the solution is not
expected. The size distribution of these aggregates shows a
bimodal distribution with peaks at sizes of about 20 and 65
nm. Information about their shape cannot be deduced from our
DLS. Therefore, we turned to the AFM results of thin films
prepared from these solutions by spin-coating. To ensure that the
morphology observed in the thin film is mostly from the pre-
formed aggregations in solution, no annealing was performed
subsequent to the spin-coating. The AFM topographic images of
Figure 5 clearly show that the aggregates have somewhat a
spherical shape. They bear striking similarities with thin films
of spherical casein micelles.45,46 The 3-5 nm depressions may be
attributed to the irregular packing of these spherical objects along
the film thickness. The question that arises now is, what is

responsible for the formation of these spherical micelles? Accord-
ing to the phase diagram of a coil-coil diblock copolymers,
cylinders of PPP (the minor block) in a matrix of PS (the major
block) are the expected morphology and not spheres (the volume
fraction of the PPP block is about 0.23).14 Moreover, the
possibility of micellization of one of the blocks due to a selective
solubility is ruled out since toluene is a good solvent for both
blocks of the P(S-b-PP) copolymer. However, the conjugated
chains of the PPPblock have a strong tendency to self-organize in
liquid crystalline or crystalline structures due to their rodlike
nature. This in turn can provide the necessary driving force for
the copolymer to form aggregates in solution. We attribute the
smaller size object (20 nm) to a single spherical micellar object,
whereas the larger one can be attributed to a loose aggregates of
these small micelles as have been seen for many micellar copo-
lymer solutions.47 Each micelle is made of a dense PPP core
surrounded by a PS shell (Figure 10). The PS chains are fully
dissolved and therefore fan out of the PPP core, giving themicelle
its somewhat spherical shape. The molecular weight of the PPP
block (2900) corresponds to an average of 38 phenylene units per
chain. Consequently, the extended length of the PPP chain is
about 16 nm, estimated using the degree of polymerization and
the known repeating unit length projected to the chain axis of
PPP (∼0.43 nm).48 Furthermore, the PPP segment is very rigid
and does not fold. This suggests an interdigidated packing of the
PPP chainswithonly one chain across the PPP core of themicelle.
In each core, the PPP molecules can organize in either a head-
to-head (nonconjugated blocks lie on the same side of the
conjugated blocks) or head-to-tail configuration (adjacent non-
conjugated blocks lie on opposite sides of the conjugated blocks).
However, molecular dynamic calculations showed that the latter
case is more energetically favorable as it allows for considerable
coiling of the nonconjugated blocks while maintaining the con-
jugated block in regular dense assemblies.48

So far spin-coating has been used to produce uniform films of
polymers but not films with thickness gradient. Common spin-
coating without introducing gradients is already a complex
process; nevertheless, it can be simplified using a three-step
model. First, the polymer solution is dispensed onto the center
of a stationary substrate, and then the substrate starts spinning at
a high speed (typically around 3000 rpm).An excessive amount of
solution is usually used to ensure a full coverage of the substrate
which will lead to a continuous film. During this step, the cen-
tripetal acceleration causes the solution to spread to and even-
tually off the edge of the substrate, leaving a thin film of the
solution on the surface. The second step involves further thinning
of the solution layer deposited until enough solvent has been
removed by evaporation. In the third step, evaporation of the
solvent dominates the process, and a solid homogeneous thin
polymer film is obtained. In the spin-coated drop technique, the
basic modification to common spin-coating is the use of only

Figure 8. Intensity of the peak at qy = 0.33 nm-1 normalized to film
thickness as a function of the distance from the rim for the 35 patterns.

Figure 9. Intensity distribution as a function of qz, along the normal to
the direction at the four positions of Figure 4. The curves are shifted
along the y-axis for clarity.

Figure 10. Schematic drawing for a possible model of the spin-coated
drop structure of the P(S-b-PP) diblock copolymer.
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a small solutionmaterial to ensure that the solutionwill not reach
the substrate edge during spinning. In this case, the radial flow of
material during the thinning of the central part of the drop causes
the accumulation of more material at the drop rim as it cannot
reach the substrate edge. Meanwhile, fast evaporation of the
solvent takes place in the rim area, the triple phase boundary
line,42 leading tomore loss of the solvent there. This gives rise to a
gradient in the solvent concentration, to compensate this loss
more flowofmaterial toward the rim takes place. The continuous
evaporation of the solvent gradually increases the viscosity to
a level where flow ceases. This effectively leads to different parts
of the film in the rim area have different thicknesses. Therefore,
with the modified approach spin-coating can be used to prepare
drop samples with thickness gradient.

Although the AFM data of the surface morphology show
spherical aggregates at all thicknesses of the drop, detailed sub-
μGISAXS revealed subtle differences in the lateral ordering of the
micellar objects at different positions along the gradient. The
horizontal cuts of the 35 patterns show a relatively broad peak at
qy=0.33 nm-1, indicating a lateral ordering. The appearance of
this peak varies between the patterns. It is very discernible in some
patterns but hardly seen in others. This clearly indicates a varying
in-plane ordering of the micellar objects throughout the film.
The corresponding periodic spacing of this peak is∼19 nm. This
comes very close to the size seen by DLS of a single micellar
object, suggesting that these micellar objects are closely packed
laterally for certain positions along the gradient. A plot of the
intensity and the fwhm of the peak as functions of the distance
from the rim inward shows clearly a peak in intensity and a
minimum in the fwhm at a distance 60-170 μm from the rim. In
terms of film thickness, this shows that the lateral packing of these
micellar objects is the best for film thickness less than 210 nm.
Such information is very useful in the field of conjugated
polymeric films. For instance, in photovoltaic cells applications
it is important to prepare the thickest film possible with a desired
structure in order to achievemaximum light harvesting. Finally, a
careful inspection of the vertical cuts, including the area of the
beam-stop shadow, shows no evidence for a layering of these
micellar objects normal to the substrate in the observed q-range.
This suggests that the micelles merge together inside each layer
with the PS blocks acting as glue between the PPP cores.
However, we do observe a diffraction arc in the wide-angle
q-range reflecting the π-stacking of the PPP chains. On the basis
of these observations and the arguments used above, we can
propose amodel of the drop structure as shown in Figure 10. The
PPP blocks tend to form stable π-stacks while the PS blocks tend
to coil. Their confinement in thin films promotes their packing in
monolayers parallel to the film surface. This is best seen for films
thinner than 210 nm. For thicker films, however, the lateral order
diminishes due to less confinement. It should be mentioned here
that because the drop was not annealed, the lateral ordering
cannot be attributed to the film thickness solely. For example,
one can think of a solvent transport-dependent process that leads
to kinetically trapped morphologies.49 Moreover, other more
elaborate methods can be used to prepare films with a smoother
gradient.Nonetheless, themain objectives of ourwork are first to
demonstrate that the well-known edge effect in spun-cast films,
which is widely considered as a “nuisance” by most researchers,
can be used to prepare thickness gradients in a fast less demand-
ing way. Second, with a submicro-GISAXS, one can quantify the
nano-order and molecular packing at different thicknesses for
such a difficult gradient of the drop sample.

This approach of preparing a spin-coated drop with a
thickness gradient at its rim works not only for conjugated-coil
diblock copolymers, but we found that it works for poly-
mer blend systems, too. Furthermore, it is likely that other
conjugated diblock copolymers form aggregations in good

solvent of the coil block, and this can be used to fabricate
thin films with desirable but nonequilibrium morphologies in
many devices.

5. Conclusions

Sub-μGISAXS performed on a thin film with thickness gra-
dient can reveal detailed thickness-dependent information re-
garding the morphology and molecular packing of thin films of
conjugated-coil block copolymers. Such a film canbepreparedby
spin-coating a small drop of the copolymer solution. This has
been demonstrated using a diblock copolymer containing a fully
conjugated poly(p-phenylene) (PPP) segment, associated with a
polystyrene (PS) block, P(S-b-PP). Dynamic light scattering
results show that the diblock forms micellar objects in toluene
solution. These micelles were trapped in spin-coated thin films
after solvent evaporation. AFM images show that they are
spherical in shape regardless of the film thickness. Detailed
sub-μGISAXS reveal thickness-dependent lateral ordering of
these micelles. For thicknesses up to 210 nm, the micelles are
packed in monolayers with the layer normals oriented parallel to
the film surface and a period of 19 nm.
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