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Current global consumer challenges require low cost, environmentally friendly processes and 
novel materials for harvesting energy and optimizing life quality. Significant multidisciplinary 
interest has been growing for thin nm-sized layers applied as sustainable materials for: organic 
photovoltaics, hybrid organic-inorganic solar cells, perovskite solar cells, batteries, smart 
coatings based on polymer gels. Upon confinement to the nm-scale, the role of interfaces (air, 
solvent, substrate) and the enthalpic interactions between the materials can lead to different 
surface and internal morphology for thin films compared to bulk materials.1 

In nanotechnological fabrication of such thin films, different materials, quite often incompatible 
to each other, can be simultaneously present.2 Bottom-up preparation protocols using solvent 
and thermal annealing have displaced optical methods (such as photolithography) due to the 
much higher cost of the latter method. Using such preparation protocols, one can tune the 
orientation of the nanoscopic domains along or across the surface. A common stringent quality 
criterion for success of the fabrication and the layer performance in e.g. organic photovoltaics, 
batteries, hybrid solar cells and responsive polymer hydrogel films is the exact control of both 
surface morphology and internal/sub-surface nanostructure in terms of sizes, orientations and 
spacings from domains and defects. Performance and stability of thin functional layers 
critically depends on their inner and buried morphology, preparation as well as post-
processing conditions.  
Neutrons have the advantage that they can penetrate significantly in materials. Small angle 
neutron scattering (SANS) operates in transmission mode and the intensity stems from 
interaction between incident neutrons and the atomic nuclei as in contrast to X-rays where the 
X-ray photon interacts with the free electron clouds of the atom. For soft matter research and 
applications where low atomic number materials are used, large contrast can be obtained by 
the large scattering length density difference between hydrogen and deuterium. In cases 
where the position of different components within a layer and the corresponding nanostructure 
has to be discriminated and these components exhibit no significant differences in X-ray 
scattering contrast, the use of deuterated macromolecules or deuterated solvent enables to 
maintain the neutron contrast high enough and to resolve these domains. In addition, 
neutrons, in contrast to X-ray photons, have a polarization and as such can interact with the 
nuclei of atoms, thus enabling magnetic studies to be performed, e.g. for studying the direction 
of magnetization vectors.  
Classical real-space microscopic techniques such as atomic force microscopy (AFM) or 
scanning electron microscopy (SEM) are mandatory, as they allow to probe surface 
characteristics, such as surface RMS roughness and height variation. However, they are 
limited to film surfaces. For a complete understanding of the performance and nanostructure 
of such layers, nanoscale sub-surface information is required over a broad sample area. 
Ideally this investigation should be obtained with the least destructive way as possible, so that 
the sample is not distorted. Grazing Incidence Small Angle Neutron Scattering (GISANS) is 
an advanced metrological technique ideally suited for such investigations. 
In order to characterize films, we systematically utilize GISANS, a powerful adaptation using 
reflection-geometry of typical elastic SANS for thin films. The angle of incidence (αi) is very 
small (αi < 0.5°) in order to maintain a large illumination area under reflection mode and hence 
a large scattering volume for the thin film geometry. The technique was first developed in the 
late 90’s by Müller-Buschbaum and coworkers3-5 for probing changes in the morphology and 



inner structure after dewetting of polymer blends under different annealing conditions and has 
recently been utilized more for various thin film investigations.1,4-5 
GISANS has a broad spatial resolution (1-300 nm) and allows to probe in a non-destructive 
and non-invasive manner the size of nanostructured domains, their orientation and size 
distribution, as well as correlations between these morphological features across the film and 
along the film’s surface. GISANS operates in the inverse space domain and inspects a 
macroscopic sample area, thus enabling superior statistics at one shot, and allows to probe 
sub-surface morphological features, compared to AFM and SEM.  
 

  
 
As shown in Fig. 1, the incident neutron beam (blue) impinges on the sample surface (dark 
green) and the scattered signal (in-plane and out-of-plane scattering directions shown by the 
cyan and yellow arrow, respectively) is collected on a 2D detector, where a scattering pattern 
is obtained. These data are reduced to 1D data by performing horizontal (along sample’s 
plane, red line in Fig.2a) and vertical (normal to the sample plane, dashed white line in Fig.2a) 
line integral cuts from which the in-plane correlated roughness and domain size spacing, as 
well as surface roughness and layer thickness can be obtained. Using fitting routines and 
simulations (e.g. BornAgain from JCNS Juelich) we typically model our experimental data with 
different appropriate form and structure factors. In this way, we can identify the exact shape 
and size of buried scattering domains as well as their interplanar spacing and spatial 
distribution. 
Depending on the instrument settings, GISANS can be performed on either monochromatic 
(single wavelength, λ, with certain resolution Δλ/λ, with a neutron velocity selector) or 
polychromatic mode (broad range of λ using several choppers), depending on the 
experimental needs. The monochromatic mode offers higher neutron flux and better statistics. 
In the polychromatic mode, so-called time-of-flight GISANS (TOF-GISANS), a broad band of 
different neutron λ values can be used in the very same experiment (Fig. 2), allowing to (i) 
probe simultaneously different sub-sections of the whole film and (ii) to perform time-resolved 
experiments. The material’s neutron scattering length density (ρneutron) expresses the strength 
of the atomic nuclei interaction with the impinging neutron. When αf = αc (where αc the critical 
angle of the material), the GISANS intensity is maximized due to standing waves formed in 
the material and thus to total external reflection, the so-called Yoneda peak. Considering7 that 
αc (λ) = λ·√(ρneutron/π), large λ allow to probe near-surface morphology (αi < αc) and small λ to 
probe more bulk information (αi > αc). 

Figure 1. Schematic cartoon of the GISANS 
geometry. An incident neutron beam (dark 
blue arrow) impinges on the film (dark green) 
with incident angle αi with respect to the film’s 
surface. Upon hitting the film and neglecting 
absorption, transmission (αi = - αf), scattering 
and reflection (αi = αf) occurs. The parameter 
αf (not shown) is the exit angle of the beam 
on the detector. The in-plane (cyan arrow) 
and out-of-plane (yellow arrow) scattering 
contributions are also shown. A GISANS 
pattern is finally obtained on the 2D detector. 
Adapted from: P. Müller-Buschbaum et al.7 



 
Figure 2. Panel (a) Schematic cartoon of a TOF-GISANS pattern on the 2D detector. The 
horizontal (cyan) and vertical (yellow) wavevectors (in Å-1), qy and qz, are drawn to guide the 
eye. The following features along qz are also indicated: transmitted beam (T), sample horizon 
(H), Yoneda peak (Y) and reflected, or, specular peak (R). The I(qy) and I(qz) cuts are drawn 
by the red line and the dashed white line, respectively; panels (b) to (g): 2D TOF-GISANS 
patterns at different λ (Å) and hence αi, increasing from top-left to bottom-right as follows (λ) = 
2.5, 3.3, 4.4, 5.8, 8.3 and 12.3. Adapted and redrawn from: P. Müller-Buschbaum et al.7. 
 
The temporal resolution using TOF-GISANS is high enough that allows to monitor in-situ 
phenomena, such as the evolution of nanostructural changes in supported layers, such as 
during water ingression in mesoporous titania (TiO2) films, or, water uptake during hydrogel 
swelling.  
 We highlight certain examples from GISANS studies in thin functional materials: 

• In the field of organic solar cells:8 the exact nanostructure of the active layer in solar 
cells has crucial impact on the solar cell power conversion efficiency. We have 
successfully demonstrated using GISANS the length scales of phase separation and 
intermixing in bulk heterojunctions of P3HT:PCBM polymer blends, or, how post-
processing with organic solvents9  can be used to  optimize the domain sizes in the nm 
scale to achieve higher power conversion efficiencies.  

• Perovskite solar cells: water uptake can be a challenge that deteriorates their 
performance. By exposing perovskite solar cells in D2O,10 we demonstrated a relation 
between chemical composition of the perovskite layer and its stability against water-
induced degradation. Moreover, GISANS allowed us to develop a model which can 
describe the water incorporation of perovskite.  

• In hybrid organic/inorganic templates: semiconductor oxides possess tremendous 
potential for photovoltaics, due to their well-defined nano/mesoporous structure. Their 
optimal use as templates in such photovoltaic applications depends on how efficient 
backfilling with solvents/conducting substances can be. We have identified a 
correlation between D2O uptake  and properties of the mesoporous TiO2 
nanostructure, including the elastic modulus and matrix deformation.11,12 Also, GISANS 



allowed us to verify homogeneous distribution of nanostructure in mesoporous TiO2 
matrices across the layer13, or to correlate hybrid solar cell performance with TiO2 
nanostructure as template after filling with conducting polymers.14 

• In case of battery-related research: GISANS was used to probe the porosity and 
TiO2 intertubular distance in TiO2 conductive matrices and correlate this to 
lithiation/delithiation efficiency.15-16 Moreover, GISANS showed preferential adsorption 
of iron oxide nanoparticles into deuterated polystyrene PSd domains from P(Sd-b-
BMA) templates and this was accompanied by superparamagnetic behavior. 17-18 

• Supported polymer gel layers/thermodynamics and substrate effects:  supported 
layers of block copolymers represent essential building blocks for soft robotics 
actuators and nanoswitches, as well as like hierarchical templates.19 Such films can 
be subject to external stimuli, such as temperature, pressure, pH, ionic strength and 
thus demonstrate deformability. GISANS has demonstrated how conformation of 
supported polymers can exhibits anisotropy due to the confinement,20 the length scales 
of phase separation21 or near-surface and inner morphology in presence of defects7 in 
diblock copolymer films and the nanostructural rearrangement along the film’s plane 
during water uptake/release.22 

• Current directions: Extreme environmental conditions (pressure, temperature, 
airflow, humidity) can have crucial impact on the final layer nanostructure and thus to 
performance as part of a functional device. This can be crucial for semiconductor oxide 
mesoporous templates, as well as swollen polymer thin films with pressure-dependent 
phase behavior. For instance, the role of pressure as intensive parameter in the phase 
behavior of supported swollen thin layers has scarcely been investigated. Our group 
has used GISANS to systematically investigate the impact of humidity and film 
responsiveness. We are currently extending already available multi-purpose sample 
environments that will allow us to monitor both structural rearrangements at the 
nano/mesoscale under the impact of such extreme conditionss, together with some 
additional characterization tools in parallel (e.g. spectroscopy). 
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