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We present an upgrade of the available measurement techniques at the wiggler beamline BW4 of
the Hamburger Synchrotronstrahlungslabor �HASYLAB� to grazing incidence wide angle x-ray
scattering �GIWAXS�. GIWAXS refers to an x-ray diffraction method, which, based on the
measurement geometry, is perfectly suited for the investigation of the material crystallinity of
surfaces and thin films. It is shown that the overall experimental GIWAXS setup employing
a movable CCD–detector provides the capability of reliable and reproducible diffraction
measurements in grazing incidence geometry. Furthermore, the potential usage of an additional
detector enables the simultaneous or successive measurement of GIWAXS and grazing incidence
small angle x-ray scattering �GISAXS�. The new capability is illustrated by the microbeam
GIWAXS measurement of a thin film of the conjugated polymer poly�3-octylthiophene� �P3OT�.
The investigation reveals the semicrystalline nature of the P3OT film by a clear identification
of the wide angle scattering reflexes up to the third order in the �100�-direction as well as the
first order in the �010�-direction. The corresponding microbeam GISAXS measurement on the
present morphology complements the characterization yielding the complete sample informa-
tion from subnanometer up to micrometer length scales. © 2010 American Institute of
Physics. �doi:10.1063/1.3488459�

I. INTRODUCTION

The x-ray wiggler beamline BW4 of DORIS III storage
ring at Hamburger Synchrotronstrahlungslabor �HASYLAB�
has been originally designed and equipped with instrumenta-
tion to measure ultrasmall angle x-ray scattering �USAXS� in
transmission scattering geometry with scattering angles on
the order of 0.01°.1–3 In recent years, the beamline BW4 has
become a dedicated materials science beamline, and the in-
strumentation has necessarily undergone significant refur-
bishments and upgrading. In addition to the standard USAXS
geometry, small angle x-ray scattering �SAXS� setups were
realized, thus increasing the accessible q-range.4,5

The regular operation of the x-ray scattering techniques
in reflection �grazing incidence� scattering geometry such as
grazing incidence small angle x-ray scattering �GISAXS� as
well as grazing incidence ultrasmall angle x-ray scattering
�GIUSAXS� was established in recent years.6–8 Furthermore
the equipment of the beamline with an ensemble of beryl-
lium compound refractive lenses enables the optional focus-
ing of the x-ray beam and reducing its size by one order of
magnitude.4,9–11 The present availability of these four small
angle scattering techniques �SAXS, USAXS, GISAXS, and
GIUSAXS� as well as another recently applied novel tech-
nique of GISAXS microtomography provide the experimen-
tal basis for advanced characterization approaches at beam-

line BW4.12,13 The present upstream arrangement including
the beamline optics and its technical specifications is de-
scribed in detail elsewhere.2,4,11

However, the development of novel material systems in
the application as thin films or isolated surface structures on
top of a solid support has gained tremendous interest.14–22

For example, thin films for application in organic photovol-
taics are formed by photoactive polymers and block copoly-
mers as well as blends of photoactive polymers arranged in
functional multilayered systems.23–25 Recently, we investi-
gated the morphology of nanostructured titania thin films for
hybrid photovoltaic devices including single titania thin films
up to functional multilayer stacks present in real devices with
GISAXS at beamline BW4.26–32 Besides, the morphological
properties of these material systems, most of their possible
applications are defined by physical characteristics of elec-
trical, optical, or mechanical nature. By means of x-ray scat-
tering, the morphology is commonly characterized with
GI�U�SAXS at BW4 with accessible structure sizes d in the
typical range of 3 nm�d�13 000 nm.4,7 However, further
characteristics such as the electrical material properties are
mainly governed on atomic scale by the arrangement of at-
oms in a crystal lattice. Additionally, the specific crystal lat-
tice might exhibit differences from the arrangement in bulk
and in thin film geometry. In order to obtain crystalline struc-
ture sizes in thin films, x-ray scattering measurements at
large angles are necessary due to the Bragg condition.33
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WAXS� corresponds to an x-ray diffraction method, which
is, because of the measurement geometry, perfectly adapted
for the investigation of the crystallinity of surfaces and thin
films. The GIWAXS measurement geometry is schematically
shown in Fig. 1, where the diffuse scattering from the sample
surface is collected with an area detector. A further denota-
tion of the method, which rather meets the physical descrip-
tion as diffraction, is grazing incidence x-ray diffraction
�GIXD�.34–36 In GIXD, typically scans with high resolution
are performed employing point or line detectors. However, in
comparison to conventional x-ray powder diffraction �e.g.,
XRD� in the investigation of �ultra� thin films, the incident
x-ray beam interacts only with a very limited sample vol-
ume. Thus, similar to the methods of GISAXS and
GIUSAXS in reflection geometry, the very small angle of
incidence enables a sufficiently long penetration path inside
the material and hence the collection of information from
inside the thin film with high statistical significance.

In the present article, we report on GIWAXS as the most
recent implementation of scattering techniques at the beam-
line BW4. The detailed description of the experimental setup
is followed by an actual GIWAXS and GISAXS application
example taken from the rapidly emerging field of conducting
polymers. A summary and outlook section concludes the ar-
ticle.

II. EXPERIMENTAL SETUP

The GIWAXS experimental setup of the recent upgrade
at BW4 is shown in Fig. 2. The accurate sample orientation
to the incident x-ray beam is provided by a combined sample
stage including the translational movement in all three direc-
tions �x ,y ,z� as well as sample rotations around those three
axes. In comparison to the established conventional GISAXS
setup, the MarCCD 165 area detector is placed in a reduced
distance behind the sample �sample-to-detector distance
DSD� enabling the sufficient recording of x-ray scattering at
wide angles. Distances down to 0.1 m can be applied. The
CCD is mounted on a combined translation stage for vertical

and horizontal movement of the detector, which enables a
complete removal out of the beam pathway, required for the
sample alignment, and the selective positioning of the scat-
tering pattern on the detector. More flexibility is provided by
the moveable beam stop frame in front of the detector, on
which a rodlike beam stop with a typical diameter of 3 mm is
fixed shielding the primary beam and the small angle x-ray
scattering signal �GISAXS signal� at the GIWAXS measure-
ment.

A motor-controlled adjustable knife edge is mounted
above the sample surface in order to reduce the diffuse scat-
tering background and to remove the well-known scattering
from Kapton.37,38 The Kapton foil is inevitably present as a
robust window of the ionization chamber right in front of the
sample, and the molecular aggregation in the aromatic poly-
imide film �Kapton� contributes with scattering in the small
and wide angle regimes.38 The typical GIWAXS pattern for
the measurement of a bare glass substrate in the absence of
the knife edge is shown in Fig. 3�a�. To distinguish the scat-
tering originating from the Kapton from other scattering con-
tributions, the measurement was performed at an slightly in-
creased sample-to-detector distance DSD=195 mm, �
=0.1381 nm, and �i=0.2° applying a moderately focused
microbeam. In comparison, Fig. 3�b� shows the correspond-
ing GIWAXS pattern with a closed knife edge approximately
300 �m above the substrate surface. As result of applying
the knife edge, the scattering background is considerably re-
duced, and the rather sharp Kapton ring at lower q disappears
completely. Hence, potential weak scattering from structures
appearing at these scattering angles can be resolved. The
remaining broader ringlike scattering at high q can be clearly
attributed to the scattering from the bare glass substrate. For
WAXS experiments in transmission, where such a knife edge
is not feasible anymore, a pin-hole aperture represented by a
solid block of tungsten alloy �densimet� with a cylindrical
hole of 1 mm in diameter is applied.

For the GIWAXS measurement, the sample has to be
properly aligned in order to ensure an x-ray beam impinging
onto the sample surface at the desired angle. For the align-

FIG. 1. �Color online� Schematic representation of the GIWAXS geometry.
The sample surface is placed horizontally. The x-ray beam with wavelength
� impinges on the sample surface with a fixed angle of incidence �i. The
scattered beam is described by the exit angle � f and the horizontal scattering
angle �. The area detector resembles the qy dependence along the horizontal
axis and the qz dependence along the vertical axis �neglecting the small qx

dependence�. The detected two-dimensional scattering pattern shows the
wide angle scattering originating from the sample. The primary beam and
the intensity from the small angle scattering �GISAXS signal� are shielded
with a rodlike beam stop.

FIG. 2. �Color online� Photograph of the GIWAXS setup at BW4. The
sample position is located where the arrows indicating the knife edge and
the incoming x-ray beam coincide. CCD denotes the MarCCD 165 detector
with the sample-to-detector distance DSD. The movable frame in front of the
CCD accommodates the rodlike beam stop.
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ment procedure, as depicted schematically in Fig. 4�a�, the
CCD and the beam stop frame are completely moved out of
the beam pathway by the horizontal translation stage. This
enables full access to the rear part of the beamline �behind
the CCD�, where a diode beam stop is situated originally
employed as primary beam stop for the conventional
GISAXS setup at BW4 �Fig. 4�b��.4 In case the x-ray beam is
not obstructed by the sample, the full beam intensity is read
out by the diode beam stop. During alignment, the exact
vertical sample position �sample shading half of beam�, as
well as parallel sample orientation �tilt and inclination� with
respect to the beam, is adjusted by recording the beam inten-
sity during iteration of these parameters. After the alignment,
the CCD is moved back to the desired position, and the beam
stop frame is moved where the employed rodlike beam stop
shields the primary beam and the GISAXS signal. Finally,
the sample is moved to the selected angle of incidence and
the GIWAXS measurement is performed. This configuration
is shown schematically in Fig. 4�c�. Taking all these steps,
the accuracy available in GISAXS geometry is maintained
together with the benefit of a fast sample alignment.

It is worthwhile to mention that the relevant wide angle
scattering information in the present reflection setup is not
hidden behind a beam stop, and therefore the resolution is
only limited by the divergence of the primary beam, the
sample-to-detector distance, and the spatial resolution of the
detector.4 However, in the present setup only, the small angle

scattering information, namely, the GISAXS signal, is hidden
behind the rodlike beam stop resulting virtually in a reso-
lution limit qmin defined by the diameter d of the rodlike
beam stop and DSD, e.g., for d=3 mm and DSD=125 mm,
we obtain qmin=0.72 nm−1. This limit is simply overcome by
the complementary GISAXS measurement probing the
GISAXS signal at typically larger sample-to-detector dis-
tances with high resolution in the absence of a rodlike beam
stop.

III. APPLICATION EXAMPLE

GIWAXS is the technique of choice in order to investi-
gate the degree of crystallinity in thin films and of structured
surfaces. Commonly investigated material systems include
conjugated polymers, block copolymers, lipids, and magnetic
or semiconducting materials in a wide variety of appli-
cations.39–46

To establish and prove the feasibility of GIWAXS at
BW4, we applied this technique to a variety of different
samples. Here we present the sample of a thin film of the
conjugated and conducting polymer poly�3-octylthiophene�
P3OT on top of a precleaned glass slide. P3OT belongs to
the family of poly�3-alkylthiophene�s �P3ATs�, which have a
structure similar to hairy-rod polymers and form semicrys-

FIG. 3. �Color online� GIWAXS patterns of the bare glass substrate �a�
without and �b� with the knife edge as recorded with the MarCCD 165
detector. For the two-dimensional intensity distribution, the horizontal �or
out-of-plane� component of the scattering vector qy is plotted along the
x-axis, and the vertical �or in-plane� component of the scattering vector qz is
plotted along the y-axis. The intensity is shown on a linear scale. For color
coding, see the scale bar �dark corresponds to low intensity and bright cor-
responds to high intensity�. The high small angle scattering intensity �or
GISAXS signal� is partially covered by a rodlike beam stop.

FIG. 4. �Color online� Top view of schematic representations of the differ-
ent beamline configurations during sample alignment �a� and measurements
for GISAXS �b�, GIWAXS �c� and presently available configurations for
successive or simultaneous GISAXS/GIWAXS �d� with exchanged detectors
�e�. The direction of the x-ray beam is indicated by the arrow. The basic
components are presented by the moveable MarCCD detector �CCD� for
GIWAXS with the moveable beam stop frame �m�, an additional area de-
tector �d� for GISAXS, the sample �s�, and the evacuated flight tubes �f� with
a diode beam stop �b� mounted in the rear part. CCD �gray box� solely refers
to the MarCCD detector, whereas the abbreviation D �blue box� denotes any
additional detector, i.e., MarCCD 165, Pilatus 300 k or 1 M.
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talline films with crystalline domains embedded in an amor-
phous matrix.40,47,48 P3ATs provide relatively high field ef-
fect mobilities and are therefore perfectly suited for
applications such as organic light emitting diodes and or-
ganic field effect transistors as well as photovoltaic
devices.48,49

For the preparation of the thin film, P3OT �Mn

=34 000 g /mol� was first dissolved in tetrahydrofuran yield-
ing a solution with a concentration cP3OT=10 g / l. The thin
film was spin coated out of the solution on a precleaned
quartz glass slide and subsequently annealed in vacuum at a
temperature T=130 °C for 15 min. The total film thickness
was assigned to be 120 nm and confirmed with x-ray reflec-
tometry �XRR� measurements. The sample was measured
with the experimental GIWAXS setup shown in Fig. 2 with
DSD=125 mm at a wavelength �=0.1381 nm applying a
moderately focused microbeam with a beam size at the
sample position of 20�40 �m2 �vertical�horizontal�.11

The microbeam impinged under an angle of incidence �i

=0.2° with respect to the sample surface resulting in a beam
footprint of 5.7 mm in length. The recorded two-dimensional
wide angle scattering pattern is presented in Fig. 5. The GI-
WAXS pattern is represented on linear scale �see Fig. 5� as a
function of two perpendicular projections of the scattering
vector q, namely, qy the out-of-plane �horizontal� scattering
direction parallel to the sample surface and qz the vertical
�in-plane scattering� direction. Due to the large density of
crystallites, the GIWAXS pattern clearly indicates the pres-
ence of four peaks corresponding to the �100�, �200�, �300�,
and �010� diffraction peaks of the P3OT structure, which are
strongest in the vertical direction. This indicates that the
P3OT film has a well-organized structure with planar P3OT
stacks oriented along an axis perpendicular to the substrate.
In addition, the broader powderlike ring structure in the in-
tensity distribution results primarily from the silicon oxide of
the glass slide substrate, which has been confirmed by the
GIWAXS measurements on a bare glass substrate as pre-
sented in Fig. 3.

For further analysis, Fig. 6 shows the one-dimensional
scattering curves obtained by azimuthal integration of radial
slices from the GIWAXS pattern. The qualitative comparison
reveals that the scattering curve obtained by azimuthal inte-
gration in vertical direction is more pronounced than the
scattering curve in out-of-plane direction. Therefore, the
grazing incidence wide angle x-ray scattering shows that the
film is ordered vertically with respect to the substrate surface
and highly anisotropic. The vertical ordering corresponds to
the �−� stacking between adjacent rodlike polymer back-
bones perpendicular to the substrate that self-organize into a
lamellar supramolecular assembly or crystalline domains.40

The �100� diffraction peak and the corresponding higher or-
der �200� and �300� diffraction peaks of the P3OT structure
can be assigned to the lamellar repeating unit a=2.3 nm
resulting from the maxima position in log I�q� at q�100�
=2.7 nm−1, q�200�=5.6 nm−1, and q�300�=8.3 nm−1. The
�010� diffraction peak at q�010�=15.3 nm−1 corresponds to a
repeating unit b=0.4 nm oriented perpendicular to a and
hence the distance between neighboring alkyl groups within
the lamellar assembly �i.e., intraplanar spacing�.50,51 The
�010� diffraction peak is barely observed in the out-of-plane
direction demonstrating a preferred orientation of the �-stack
along the surface normal. Although the structures a and b are
perpendicular to each other within each crystalline domain of
the thin film, the orientation of different crystalline domains
with respect to the sample surface has a certain angular dis-
tribution yielding the anisotropic GIWAXS scattering pat-
tern.

The complementary microbeam GISAXS measurement
of the P3OT thin film at beamline BW4 was performed at an
increased sample-to-detector distance of DSD=2162 mm but
with the identical setup as presented for the GIWAXS mea-
surement. The angle of incidence was slightly increased to
�i=0.386°, which is well above the critical angle of P3OT
with �c,P3OT=0.14° and of quartz glass �c,SiO2

=0.19°. The
GISAXS pattern is presented on logarithmic scale in Fig. 7.

FIG. 5. �Color online� GIWAXS pattern of the thin conjugated polymer film
of P3OT spin coated onto a glass slide as recorded with the MarCCD 165
detector. For the two-dimensional intensity distribution, the horizontal �or
out-of-plane� component of the scattering vector qy is plotted along the
x-axis, and the vertical �or in-plane� component of the scattering vector qz is
plotted along the y-axis. The intensity is shown on a linear scale. For color
coding, see the scale bar �dark corresponds to low intensity and bright cor-
responds to high intensity�. The high small angle scattering intensity or
GISAXS signal is covered by a rodlike beam stop �shaded area�. The ob-
served diffraction peaks are labeled according to the Miller indices �hkl�.

FIG. 6. One-dimensional scattering intensity curves log I�q� obtained by
azimuthal integration of radial slices from the GIWAXS pattern as indicated
by the pictograms: the solid line is for the azimuthal range of 0°–5°
�qy-direction�, and the dotted line is for the azimuthal range of 85°–95°
�qz-direction�. The q-position the powder ring originating from the glass
substrate is indicated in the plot. The shaded area represents the beam stop
where scattering data are unavailable.
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The diffuse scattering signal exhibits a rather narrow inten-
sity distribution along the scattering plane �see Fig. 1�. At the
Yoneda region � f ��c,P3OT,SiO2

, the intensity is broadened
and extends toward higher qy.

7 Hence, the scattering pattern
indicates the presence of a smooth P3OT thin film with low
surface and interfacial roughness as well as a low degree of
lateral order in the thin film. Furthermore, the ripple-
structure or intensity modulation at the Yoneda region indi-
cates interference effects originating from correlated rough-
ness of thin film and substrate.52–54 For the further
quantitative analysis, line cuts in the vertical and horizontal
direction from the GISAXS pattern are displayed in Fig. 8.55

The vertical or detector cut along the scattering plane, repre-
senting structural information perpendicular to the sample
surface, is shown in Fig. 8�a�. The zoom-in of the Yoneda
region �inset� clearly shows a pronounced modulation in the
scattering intensity for � f 	�c,SiO2

originating from corre-
lated roughness.53 In more detail, the average distance of the
observed maxima can be calculated to 
qz=0.01146 nm−1,
corresponding to a characteristic length scale normal to the
sample surface of 548 nm. Because the obtained length ex-
ceeds the P3OT film thickness �120 nm� considerably, the
observed modulation effect is caused by the roughness cor-
related thin film in a dynamical waveguide manner.54 The
corresponding horizontal cut shown in Fig. 8�b� was per-
formed at the critical angle �c,P3OT and contains information
about lateral structures of the P3OT thin film. For analysis,
the characteristic lateral length scales were modeled with
form factors. A Lorentzian size distribution of the character-
istic lateral length scale was assumed to account for statisti-
cal deviations. In the fit �solid line�, the experimentally de-

termined resolution function was taken into account.7 Two
characteristic lateral length scales of �A=40 nm and �B

=800 nm were obtained. Because the thin film consists of
pure P3OT homopolymer with a homogeneous thickness
�120 nm� as verified with XRR, for this closed homopolymer
thin film, the obtained characteristic lateral length scales
originate solely from its inner structure. This inner structure
comprises domains of crystallites and the obtained character-
istic lateral length scales �A,B can be attributed to average
domain sizes. Furthermore, the absence of any pronounced
peak in the horizontal cut corresponds to a rather polydis-
perse size distribution of these domains.

IV. SUMMARY AND OUTLOOK

The recent upgrade of x-ray scattering techniques at the
beamline BW4 results in the availability of GIWAXS for the

FIG. 7. �Color online� The corresponding GISAXS pattern of the thin con-
jugated polymer film of P3OT spin coated onto a glass slide as recorded
with the MarCCD 165 detector. For the two-dimensional intensity distribu-
tion, the horizontal �or out-of-plane� component of the scattering vector qy is
plotted along the x-axis, and the vertical �or in-plane� component of the
scattering vector qz is plotted along the y-axis. The intensity is shown on a
logarithmic scale. For color coding, see the scale bar �dark corresponds to
low intensity and bright corresponds to high intensity�. The detected 2D
scattering pattern shows the diffuse scattering with a Yoneda region �off-
specular scattering maxima� and the specular peak �shielded by a small
pointlike beam stop that protects the detector from the very high intensity of
the specularly reflected beam�.

FIG. 8. �Color online� �a� Vertical cut of the GISAXS pattern at horizontal
scattering angle �=0° �qy =0�. The scattering intensity is plotted vs the sum
of �i and � f. The shaded area corresponds to the position of the specular
beam stop. The inset shows a zoom-in of the Yoneda region. The visible
intensity modulation corresponds to correlated roughness of the P3OT film
on top of the glass substrate. �b� Double-logarithmic plot of the horizontal
cut �symbols� of the GISAXS pattern as a function of the qy component of
the scattering vector. The solid line is the mathematical fit for determining
the characteristic lateral length scales of the P3OT thin film. Features origi-
nating from the obtained characteristic lateral length scales are marked with
the arrows. The dashed line indicates the resolution limit of the GISAXS
experiment.
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measurement of dedicated samples in reflection scattering
geometry. The successful establishment and feasibility of GI-
WAXS at BW4 are illustrated with the example of the mea-
surement of a thin film of P3OT by the newly established
technique. With the presented GIWAXS setup, employing
the MarCCD 165 area detector in a symmetric position
around the primary beam a q-range up to 25 nm−1 �corre-
sponding to 0.25 nm in real space� is accessible with a res-
olution of 
q=0.03 nm−1. Since the MarCCD detector is
moveable in vertical and horizontal directions, an extension
of the accessible q-range is also possible. Given the maxi-
mum offset of the detector perpendicular to the x-ray beam,
the smallest probable length decreases to 0.12 nm. Further-
more, the usage of an additional detector, i.e., MarCCD 165,
Pilatus 300 k or 1 M single-photon count detectors, enables
in situ experiments where both the small �GISAXS� and
wide �GIWAXS� angle scattering intensities are recorded
successively or simultaneously. One beamline configuration
for the simultaneous measurement is presented schematically
in Fig. 4�d�. Moreover, the exchange of the detectors com-
bined with the “lightweight” construction of the 300 k
single-photon count detectors enables a rather freely chosen
positioning of the detector around the sample �see Fig. 4�e��.
Thus, despite limitation imposed by the detector covers, ba-
sically any selected q-range will become accessible for mea-
surements in GIWAXS mode. The application of these two
options depends solely on the selected GIWAXS mode,
whether operated in symmetric or asymmetric position of the
detector around the primary beam. Nevertheless, the once
aligned sample can be completely characterized with
GISAXS and GIWAXS under identical measurement condi-
tions resulting in the illumination of exactly the same sample
area. Combined with the usage of the moderately focused
microbeam, this experimental setup represents a powerful
tool for obtaining the locally resolved morphology and cor-
responding crystallinity of gradients in thin films.

In summary, the recent upgrade makes the beamline
BW4 a most versatile beamline with a unique range of avail-
able sample-to-detector distances from 0.1 m�DSD

�13.5 m accessing 0.0005 nm−1�q�25 nm−1 in recipro-
cal space.
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