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The microscopic characterization of two-dimensional materials, and low-dimensional matter in general,  
poses unique challenges but  also opens unique new avenues that  are not  available with 3-D bulk 
structures or on he surfaces of 3D crystals. In this talk, I will discuss these aspects in connection with  
high-resolution electron microscopic studies as well as scanning probe investigations.

The study of nano-carbons and other low-atomic number materials remains a particular challenge for 
high resolution transmission electron microscopy (HRTEM) owing to their intrinsically low contrast and 
high susceptibility to radiation damage  [1]. However, the recent developments in aberration-corrected 
electron optics open a route to a atomically-resolved studies of these materials at reduced electron  
energies   [2–9] below the  knock-on  threshold  of  carbon  atoms in  graphene   [10,11].  I  will  present 
insights to this class of  materials from electron microscopic studies with single-light-atom precision. 
Static deformations, topological defects, various vacancy configurations, the two-dimensional equivalent 
of  dislocations,  grain  boundaries  and  substitutional  dopants  can  be  analyzed  and  exact  atomic 
configurations are obtained.

At the same time, the electron microscope can be used to structure and modify graphene with highest  
resolution and with a direct  feedback   [12–14].   We analyzed the mechanisms behind beam-driven 
structural changes and demonstrate how a controlled modification, beyond the ejection of atoms, can be 
achieved  [15].  An electron beam can be used to selectively suppress and enhance bond rotations and 
atom removal in graphene, which allows to turn graphene into a two-dimensional coherent amorphous 
membrane composed of  sp2-hybridized  carbon  atoms   [15,16].  In  addition,  substitutional  doping of 
graphene can be obtained not only via a modified synthesis but also by electron irradiation effects  [17]. 
The graphene substrate may further serve as an extreme thermal test platform, which then provides a  
means to study physisorbed carbon species under the influence of  high temperatures and electron 
irradiation  [18].

Nevertheless, for TEM imaging, beam-induced material modifications remain as a primary concern and 
limitation   [19]. I will  show a new approach on how to circumvent the radiation damage problem for 
imaging of material configurations based on a statistical treatment of large, noisy, low-dose data sets. 
This can reduce the required dose per area by several orders of magnitude, and will open a route to 
study beam-sensitive configurations that are currently not accessible. It will be of particular importance 
for  TEM  studies  of  low-dimensional  materials,  where  every  atom  (rather  than  atomic  column)  is 
important for the analysis of the projected structure.

As a complementary tool of atomic-level analysis, scanning probe microscopy and in particular scanning 
tunneling microscopy (STM) has been extensively used for studying graphene and related materials.  
Very recently, free-standing membranes of graphene have been explored by STM  [20–22].  In the free-
standing case, the deformation of the graphene membrane induced by the STM tip is the predominant 
effect to the height profiles, meaning that the membrane follows the probe rather than vice versa. I will  
show initial results from a dual-probe STM setup where a free-standing graphene membrane is probed 
simultaneously from opposing sides. At the closest point,  the two probes are separated only by the 
thickness  of  the  graphene  membrane.  This  allows  us  for  the  first  time  to  directly  measure  the 
deformations induced by one STM probe on a free-standing membrane with an independent second 
probe  [23]. 
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