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A wide variety of materials has been studied in order to fabricate affordable and flexible electronic devices 

such as solar cells, and transistors. Among these, organic semiconducting polymers have several desirable 

qualities such as low cost, easy processing, and structural flexibility. The main challenge so far is the 

relatively low efficiency of these devices compared to inorganic materials. A thorough characterization of 

these polymers is required to establish structure-property relationships that could lead to improved 

performance [1]. However, challenges arise because the molecular ordering in polymer-based films is 

much more subtle and illusive as compared to the ordering in small molecule-based systems that tend to 

crystallize easily. As a result, the nanoscale details of the ordering in polymer-based systems still remain 

largely unknown. In this work, we demonstrate a novel characterization based on four-dimensional 

scanning transmission electron microscopy (4D-STEM) that enables the identification and quantification 

of nanoscale ordered domains in organic semiconducting polymers [2]. 4D-STEM acquires multiple 

diffraction patterns as function of position as shown in Figures 1a and 1b. Our characterization combines 

high spatial resolution (~1nm) and high dynamic range in signal detection, which allows for quantitative 

determination of ordering parameters such as type, size, and volume fraction of the ordered domains with 

unprecedented precision. 

  

We studied Poly(3-hexylthiophene-2,5-diyl) (P3HT) and P3HT: Phenyl-C61-butyric acid methyl ester 

(PCBM) (P3HT: PCBM). These polymers have been used as a standard organic photovoltaic material, but 

their structural ordering is complex and hence not fully understood. We first calculated the intensity 

variance (Figure 1c) among thousands of diffraction patterns, which was found to be correlated to the 

expected alkyl and π-π stackings of P3HT. With the addition of the new generation pixelated detector, real 

space reconstruction of the nanoscale ordered regions can be achieved at different scattering vectors (k), 

which provides further information of the type of ordering and orientation of the polymer. Two-

dimensional histograms were constructed showing the average number of the ordered domains as a 

function of their size and scattering vector, shown in Figure 1d. The histogram shows a very detailed size 

distribution of the ordered domains and how they are related to the type of the ordering (which is 

represented by the k value). The new detailed information on molecular ordering can be directly compared 

to theoretical models and simulations, as presented in Figure 1e, in which is shown that simulated models 

of each type of ordered domain reveled in the 2D histogram can be identified, as indicated in Figure 1d 

by the red marker [3]. 

  

In summary, our new analysis provides detailed information on type, size, volume fraction, spatial and 

orientation distribution of the molecular ordering at the nanoscale. By providing such level of detail our 

technique can potentially help establish better structure-property relationships and improve the overall 

understanding of P3HT, P3HT:PCBM, and similar  beam sensitive systems that have medium range order. 
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Figure 1. Figure 1: (a) 4D-STEM diffraction pattern acquisition over the polymer matrix. Different nano-

diffraction patterns indicate heterogeneity of the sample. (b) Single diffraction pattern from P3HT thin 

film. (c) Intensity variance of P3HT after in-situ annealing at 130ºC for 1 hr. (d) Two dimensional 

histogram showing aglomeration of particle sizes at different k space, which provides higher level of detail 

compared to figure 1c. (e) P3HT model from literature was used to simulate the different ordered domains 

and identify them in the 2D histogram, as indicated with the red marker on figure 1d. 
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