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Abstract  
 
Two-dimensional transition-metal dichalcogenides (TMD) have recently emerged as a promising class 
of novel ultrathin semiconductors. Once thinned down to the monolayer level, many of them like MoS2 
or WSe2 exhibit a direct band gap, which renders them especially suitable for future optical devices.  
Here, we present low-temperature photoluminescence (PL) measurements and temperature series of 
the four most prominent TMDs, namely MoS2, MoSe2, WS2 and WSe2 (see Fig. 1). At 4K the diselenides 
and WS2 show a clear splitting of neutral exciton and trion which enables us to deduce the binding 
energy of the trion for these materials, in good agreement to recent literature (~ 30meV) [1]. Owing to 
the two-dimensional nature of the material and the resulting confinement effects, the observed binding 
energies of the trions are an order of magnitude larger than in well-known GaAs quantum well 
structures. For most of the materials we also observe additional peaks at low temperature which we 
attribute to surface-bound states [2]. Additional insight is gained by power-dependent measurements at 
low temperatures. Thereby, we can influence the relative intensities of excitons and trions and observe 
saturation effects for certain materials. Temperature series on all four materials allow us to deduce the 
temperature-induced shift of the bandgap which lies in the region of 70-80meV.  
Additionally, by using a recently developed deterministic all-dry transfer technique [3] we are able to 
fabricate large area van-der-Waals heterostructures consisting of different 2D-TMDs (Fig. 2a). In PL-
scanning measurements at room temperature we observe the emergence of indirect excitons at the 
interface (Fig. 2b,c,d). These quasi-particles stem from a spatial separation of electrons and holes 
which is caused by the type-II alignment of the two semiconductors [4,5,6]. Excitation-density 
dependent PL measurements on the heterostructures allow us to alter the excitonic regime where we 
observe saturation effects of the indirect exciton, which probably result from longer recombination times 
compared to the direct transitions.  
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Fig. 1: Low-temperature (4K) PL spectra of monolayer MoSe2, WSe2, MoS2 and WS2. The diselenides 
and WS2 show a splitting of neutral exciton (A) and the trion (T). All materials except MoSe2 show 
surface-bound states (S) at low temperatures.  

 
 
 
 

 
 

 
Fig. 2: (a) Two-dimensional heterostructure consisting of a WSe2 monolayer on a MoS2 monolayer. The 
white square marks the area of the PL scan. Within the yellow triangle we observe the indirect exciton 
(b) False color map of the PL intensity (c) False color map of the PL peak energy (d) Representative PL 
spectra of the three different regions. The emission of the indirect exciton is weak and red-shifted 
compared to the emission of the isolated monolayers. 


