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Long-range order in self-assembled mono- and multi-layer of colloidal metal nanoparticles is in the focus of 
the modern nanoscience. The physical and chemical interactions among the metal nanoparticles, ligands, 
dispersion media, substrate, layer preparation techniques and the drying conditions strongly influence the 
final nano- and micro-structures. When a droplet of colloidal dispersion of metal nanoparticles is placed on 
top of a solid substrate several physical phenomena including drying of solvent, convection of nanoparticles 
towards the triple-phase contact line (TPCL) among the substrate, the solvent and ambient atmosphere and 
migrational flow of the nanoparticles toward the center of the droplet, play important roles in formation of 
the final dried nano- and micro-structures [1]. Therefore, the structure formation kinetics and process on a 
heterogeneous surface are different compared to those on a homogeneous surface. In our present 
investigation, we investigated the formation of structures on top of a heterogeneous surface of a film of 
block copolymers during evaporation of the solvent of a dispersion of gold nanoparticles coated with PEG 
ligands. The copolymer film contained upright cylindrical domains of poly(methyl methacrylate) (PMMA) 
in the matrix of polystyrene (PS) [2]. Presence of ligands can, on the one hand, enhance the selectivity of 
adsorption and on the other hand, can slow down the migrational flow of the nanoparticles. As a result, 
several phenomena including selective adsorption, evaporation induced multiscale nanostructures formation 
and mesoscopic crystallization can be observed [3, 4]. These open questions are investigated with in situ 
micro-beam grazing incidence small angle X-ray scattering (in situ µGISAXS) in combination with in-situ 
ellipsometry [5, 6] and ex-situ atomic force microscopy (AFM).  

The block copolymer film was prepared by spin coating a blend of symmetric and asymmetric block 
copolymer of polystyrene-block-poly (methyl methacrylate) in toluene on top of HF acid-cleaned silicon 
followed by annealing at 165°C in a vacuum oven for 144 hours. The final film contains upright cylindrical 
domains of PMMA in PS matrix. We used gold nanoparticles having PEG ligands dispersed in water.The 
microbeam grazing incidence small-angle X-ray scattering (µGISAXS) experiments were performed at the 
beamline micro- and nanofocus x-ray scattering beamline (MiNaXS/P03) [7] at the third generation 
synchrotron source PETRA III of Deutsches Elektronen-Synchrotron (DESY) in Hamburg, Germany. The 
selected photon energy was 12.78 kev.. The micro-focused beam with a size of (HxV) 35×22 µm2 was 
produced by using a set of N=12 Beryllium compound refractive lenses (BeCRLs). The scattered intensities 
were recorded by using a PILATUS 300k detector. The sample-to-detector distance DSD was 2.470 m. The 
incident angle was 0.45°. The direct as well as the specularly reflcted beam were both shaded by two point 
like beam stops to avoid saturation of the detector. An imaging ellipsometer Surface Probe Ellipsometric 
Microscope (SPEM, Nanofilm Technologie GmbH) was installed in the beamline to observe simultaneously 
the structural change during in situ µGISAXS. The imaging ellipsometer is mounted on a heavy-load Huber 
goniometer stage, allowing for full angular and translational control of the imaging ellipsometer in the 
microfocused x-ray beam. The beam paths of the optical laser and the x-ray were perpendicular to each 
other. The colloidal droplet was dispensed on the copolymer film surface using a motorized, remotely 
controlled micropipetting system. The basic principle of combined imaging ellipsometry with µGISAXS is 
described elsewhere [6].  

The block copolymer film used as a heterogeneous surface is shown in Figure 1(a). The film has perforated 
lamellae-like structures offering two chemically different domains (PS and PMMA) on the surface, which 
bring the chemical heterogeneity on the surface. A 15 µl droplet of 10 nm gold nanoparticles coated with 
PEG in water is dispensed at room temperature. Right before the dispense the acquisition of the µGISAXS 



patterns are started. The acquisition time was 5 s After complete drying of the droplet the acquisition is 
stopped. The final dried droplet displays a variety of nano- and micro-structures of gold nanoparticles 
depending on the distance from the center of the dried droplet. Figure 1(b) shows the flower-like micro-
structures of gold nanoparticles formed due to dewetting [1, 8] in the center region. The structural changes in 
both lateral and vertical direction can be extracted from the out-of-plane cuts, detector cuts and off-detector 
cuts of the scattering patterns [5, 7]. Figure 1(c)&(d) show the out-of-plane cuts made at the critical angle of 
PS αf =αi+αc(PS=0.096°) and detector cuts at qy=0, respectively. After 8 minutes of drying the first lateral 
structure appears as a very weak peak. This means that the self-organization of nanoparticles along lateral 
direction on the surface starts at this point. On the contrary, in the intermediate stages of drying, the detector 
cuts show modulation of intensities after 3 minutes. This might be due to the correlated roughness evolving 
during formation of a layer of nanoparticles and solvent on top of the surface [9]. At the late stage of drying, 
we see no modulation in the detector cuts but in the out-of-plane cuts, as the layer formed in the intermediate 
stage of drying is decreasing and lateral ordering starts. Thus, this in situ investigation using µGISAXS at 
MiNaXS of PETRA III gives us access to the mechanism of the nano- and micro-pattern formation during 
drying of colloidal droplet on a heterogeneous surface.  

 

Figure 1: (a) AFM Phase image of the block copolymer film surface before deposition of the colloidal gold 
particles. The dark spots stem from PMMA. The bright inter-penetrating network-like structures are from 
PS. (b) AFM Topography image of the flower-like structures formed in the center part of the dried droplet 
after complete drying.  (c) Out-of-plane cuts and (d) detector cuts from the µGISAXS patterns during the 
drying of the colloidal droplet, respectively. The curves are shifted along y- axis against each other for clear 
visualization.  
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