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The stacking of two-dimensional sheets provides a pathway towards the study of interlayer interactions, 
emergent properties, and subsequently novel applications for 2D materials. Common approaches to 
create these heterostructures are the manual stacking of exfoliated sheets, or sequential layer-by-layer 
growth via chemical or physical vapor deposition. However, the achievable complexity of the layering 
sequence is often limited by available stable constituent layers or compatible growth conditions. 

In contrast, the self-assembly of artificial layered precursors, which is known as the Modulated Elemental 
Reactants (MER) technique, offers unparalleled flexibility in the composition and layering sequence of 
thin films. In this two-step synthesis, amorphous elemental precursors are first deposited via sequential 
physical vapor deposition. By calibrating the thicknesses and layering sequence of the constituents to 
mimic the targeted structure, it is possible to crystallize the precursors into a layered thin film via 
annealing in inert atmosphere. Due to the structuring of the precursors on an atomic level, the necessary 
energy input as well as layer intermixing during crystallization is reduced, enabling the synthesis of 
metastable structures with almost arbitrary complexity. The increased structural freedom of MER thin 
films comes at the expense of epitaxial alignment, as layers are generally showing turbostratic rotational 
disorder along the crystals c-axis. [1] 

We will discuss how by controlling the nanoarchitecture of the precursor, one can create systematic series 
of heterostructures to facilitate the growth of certain metastable constituent layers such as rock-salt 
structured BiSe or metallic 1T-MoSe2 [2], and investigate the effects of modulation doping to tune charge 
transport [3], superconductivity, or charge density waves. The contribution will focus on recent results on 
two classes of heterostructures built up from BiSe, Bi2Se3, and MoSe2 [2], as well as PbSe and VSe2 [3], 
respectively. 

While the thickness of MER thin films is usually on the order of 50 nm spanning multiple unit cells, we 
were able to push the MER synthesis towards the two-dimensional limit by preparing a one monolayer 
thick, nanocrystalline layer of MoSe2 on a substrate of epitaxial graphene on silicon carbide [4]. Building 
on these results, we are now exploring the growth of more sophisticated, one unit cell thick 
heterostructures by also incorporating bismuth selenide. Preliminary results suggest that these films are 
at least partially aligned with respect to the graphene, indicating that the main drawback of the MER 
synthesis could be eliminated by the choice of an appropriate growth substrate. 

[1] R. Westover, R. A. Atkins, M. Falmbigl, et al., J. Solid State Chem. 173, 236 (2016). 
[2] F. Göhler, M. A. Choffel, C. Schmidt, et al., J. Phys. Chem. C. 125, 9469 (2021). 
[3] F. Göhler, S. Ramasubramanian, S. K. Rajak, et al., Nanoscale 14, 10143 (2022). 
[4] F. Göhler, E. C. Hadland, C. Schmidt, et al., Phys. Stat. Sol. B 256, 1800283 (2018). 


