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Glassy thin films of organic semiconductors prepared by physical vapor deposition (PVD) can exhibit an 

unusual form of structure: the molecules have a preferred orientation without long-range translational 

symmetry. We have used low-dose four dimensional scanning transmission electron microscopy (4D 

STEM) enabled by a fast direct electron detector to map the domain structure that occupies the length 

scale between the orientation of a single molecule and the global disorder of the glass. 

 

We have studied films of a phenanthroperylene ester, which is a discotic mesogen with an equilibrium 

columnar hexagonal liquid crystalline phase that favors anisotropic charge and exciton transport [1], and 

order that can be tuned over a wide range of length scales [2]. Physical vapor deposition allows us to 

make glasses that have high thermal stability and tunable structural anisotropy arising from a surface 

equilibration mechanism during deposition [3]. Intracolumnar charge transport along the  stacking 

direction is much more efficient than intercolumnar transport, so the length scale of  stacked 

columns strongly impacts the charge-transport mobility in electronic devices [1, 4]. Measuring the 

persistence length of columnar orientation and the nature of column connectivity across the plane of 

these PVD films and understanding the mechanism of growth of ordered domains during deposition is 

essential to developing materials for optoelectronic devices. 

 

Figure 1(a) shows a schematic of the 4D STEM experiment. Illuminating regions on the sample with 

varying columnar order lets us capture diffraction patterns with Bragg peaks oriented in different 

directions. Figure 1(b) shows a representative diffraction pattern from a single columnar orientation. The 

red arrow highlights the local column orientation. The spacing between the discotic molecules is ~3.5 Å  

leading to diffraction arcs at ~0.286 Å -1
. Figure 1(c) shows the averaged diffraction pattern across all 

probe positions on a sample. The uniform ring indicates a lack of any long-range preferred orientation. 

Processing many diffraction patterns acquired from a grid of probe positions creates a map of the local 

orientation. Similar experiments have been performed previously on semicrystalline polymers [5, 6], but 

the phenanthroperylene ester films are less structurally ordered and more beam-sensitive. (We find that 

they sustain only ~100 e
-
/Å 2

 at 200 kV before losing orientational order.) Studying this material at low 

dose is made possible by a new, ultrafast direct electron detection camera [7] operated at 0.125 ms per 

diffraction pattern for these experiments, and a 0.1 nm step size between probe positions, with a 0.6 pA, 

2 nm diameter probe. The resulting 4D STEM datasets can be several TBs, so analysis required 

significant extensions to data analysis libraries like pyXEM and Hyperspy [8]. 
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Figure 2 shows column orientation maps from samples processed at different conditions, revealing 

variations in the length scale of ordering. The glass transition temperature (Tg) of this system is 392 K. 

Figures 2 (a) and (b) are from 40 nm PVD films deposited at 0.25 Å /s at substrate temperatures of 380 K 

(0.97 Tg) and 392 K (Tg) respectively. Figure 2 (c) is from a liquid-cooled sample prepared by heating up 

a PVD film to 457 K into its liquid crystalline phase and cooling to room temperature at 2.5 K/min. The 

orientation maps show the columnar orientation as an angle between 0° and 180° with respect to 

horizontal as indicated by the arrows and the color. The colors highlight domains with similar 

orientations. Figs 2(a) and (b) show that the film grown at a higher substrate temperature has larger 

domains, and Fig 2(c) shows that the liquid-cooled sample has much larger domains, 100s of 

nanometers across. The liquid-cooled orientation map also exhibits focal conics, a common liquid 

crystal defect. These results probe an essential intermediate length scale between the orientation of each 

molecule previously probed by X-ray diffraction and ellipsometry [2] and the long-range disorder of the 

film’s structure. 

 

The molecular orientation during PVD film growth is anchored by the free surface configuration [3], and 

the surfaces of these materials are highly mobile. As a result, the domain size is related to the balance 

between surface residence time and mobility. We measure that the mean domain sizes in the films 

grown at substrate temperatures of 380 K and 392 K are      nm and      nm respectively, 

yielding a domain size ratio, 
 (     )

 (     )
        . Assuming that the surface diffusivity of the molecules 

during film growth has an Arrhenius temperature dependence with the orientational ordering activation 

energy of 110 kJ/mol [2] we get √
  (     )

  (     )
     . This agreement showing that the domain sizes scale 

with the square root of the surface diffusivity during deposition, indicates that a diffusion limited growth 

mechanism controls the size of the domains. 

 

We have shown how low dose 4D STEM with a fast direct electron detector enables the study of  

mesoscale ordering with nanometer-level spatial resolution in a molecular glass to gain insights into the 

growth processes during PVD. Future work will focus on growth and characterization of films of 

molecular glasses with controlled anisotropy [9]. 

 

 

Figure 1. (a) 4D STEM experiment schematic. We determine the local columnar orientation using 

diffraction from the  stacking of disc shaped molecules. (b) Representative diffraction pattern from a 

single columnar orientation. The red arrow highlights the local orientation reflected in the diffraction 
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arcs. (c) Average diffraction pattern from all probe positions across a sample shows a uniform ring. 

 

Figure 2. Maps of phenanthroperylene ester column orientation in films deposited at 0.25 Å /s. (a) used 

a substrate temperature of 380 K (0.97 Tg), and (b) used 392 K (Tg). (c) was heated into its liquid 

crystalline state at 457 K, then cooled to room temperature at 2.5 K/min. The orientation domain size 

increases with substrate temperature. 
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