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Effect of Screening by Atomically Thin Layers on Excitons in Monolayer WS2
Stier, A.V.; Crooker, S.A. (NHMFL-Los Alamos); McCreary, K.M. and Jonker, B.T. (Naval Research Laboratory)
Introduction

Coulomb interactions between carriers play an essential role in semiconductor physics. Transport phenomena and also optical properties such as the size and binding energy of electron-hole pairs (excitons) are typically strongly influenced by dielectric screening that are characterized by a single dielectric constant ε. In bulk materials, exciton radii and binding energies scale simply as ε and 1/ε2, respectively. 
[image: image2.png]In atomically thin semiconductors such as monolayer WS2, dielectric screening from the material itself is length scale-dependent; that is the Coulomb interactions do not follow a simple 1/εr2 dependence. A more appropriate potential for the Coulomb interactions in a 2D material is the so-called Keldysh potential, which assumes a log(r) dependence for length scales on the order of the sample thickness and asymptotically approaches the 1/r2 dependence for larger distances. This distance-dependence reflects the natural situation in which a well-separated electron-hole pair is essentially unscreened as the electric field lines are predominantly outside the 2D material, whereas for tightly bound excitons (size of order of the monolayer slab ), the field lines are partially screened by the semiconductor. As a result, the Keldysh potential leads to markedly non-hydrogenic electrostatic potentials and to excitons with very large binding energies (100s of meV) and correspondingly very small radii (~1nm) [1], in significant contrast to their bulk counterparts.  

Because excitons in 2D semiconductors necessarily reside near a surface, their fundamental properties (size, binding energy, oscillator strength) are expected to be strongly influenced by any additional screening from the dielectric environment surrounding the monolayer. Understanding and quantifying this screening for bulk dielectrics surrounding the monolayer is relatively straightforward [2], however screening from atomically thin layers, such as graphene, surrounding the TMD is scarcely studied.   
Experimental 

Here we show that encapsulating a monolayer of WS2 with a monolayer of graphene results in a ~50% increase of the diamagnetic shift of the WS2 exciton transition through low temperature, polarized reflection spectroscopy in 65T magnetic field. The diamagnetic shift is a direct measure of the exciton size [1] and therefore an increase of the diamagnetic shift directly corresponds to a decrease of the exciton binding energy. We quantify the reduction in exciton binding energy with an enhanced model for the 2D Coulomb interaction, which includes effects of the substrate, and find that graphene effectively alters the 2D screening length of the interaction potential. Effectively, the TMD/graphene sample behaves as a new atomically thin 2D material. These results demonstrate how exciton properties can be tuned in future 2D optoelectronic devices comprised of van der Waals stacked monolayer materials.     
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Fig.1 (a) Reflected intensity of a monolayer WS2 film (red) and a graphene-encapsulated WS2 monolayer film (grey). (b) Color coded map of the calculated 2D exciton binding energy including the effect of dielectric screening of the substrate. Solid lines are contours of constant, measured diamagnetic shift [1,2] for the WS2 (red) and WS2/graphene sample (grey). Dashed horizontal lines indicate the resulting screening length according to the model.   









