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Atomically thin van der Waals materials such as graphene and transition metal dichalcogenides (TMDs)
exhibit remarkable physical properties resulting from their reduced dimensionality [1]. The TMDs are
direct-gap semiconductors in the monolayer limit [2] and are thus an especially promising platform both
for fundamental studies of two-dimensional systems and potential applications in ultra-thin optoelec-
tronic devices. The quasi-two-dimensional (2D) character of these materials suggests a strong enhance-
ment of the Coulomb interaction and the resulting formation of tightly bound electron-hole pairs, i.e.,
excitons. The understanding of the excitonic properties is critical both for the elucidation of the un-
derlying many-body physics in such materials and for their use in electronic and photonic applications.

25 @ Experiment
(a) | (o) | ¥ Theory Band| 2°[(0) " 1Lband gap
1s === 2D Hydrogen
Y Qa&ap | ..
SL 24F 1
£ -
2 % - I ® 2s
8 8 > L
c 9] = L Bulk
g ] © 2.2 P band
< w e 9
2 PR ok Sty C b
L x0.03 ® ® ®
20 21 22 23 24 1 2079020 4L Buk

Energy (eV) Quantum number n Layer number

Figure 1: (a) The derivative of the reflectance spectrum of the WS, monolayer at T = 5K with the exciton
states are labeled by their respective quantum numbers. (b) Experimentally and theoretically obtained transition
energies for the exciton states. The best fit of the data to the 2D hydrogen model for Wannier excitons is shown
for comparison. An exemplary representation of the exciton wavefunction of the first excited state in real space is
presented in the inset. (c) Energies of the ground and first excited states for various layer thicknesses. Band gaps
of the bulk and the monolayer are represented by the dashed lines.

Here, we experimentally and theoretically investigate the properties of excitons in mono- and few-layer
TMDs, identifying and characterizing a sequence of excited exciton states, i.e., Rydberg series. Analyz-
ing the optical reflection spectra of these materials (Fig. 1(a)), both empirically and using a physically
motivated model, yields an exciton binding energy as large as 0.32(£0.04) eV. Remarkably, we also find
significant deviations from the conventional hydrogenic model typically employed for the description
of Wannier excitons (Fig. 1(b)). We explain both the large binding energy and the unusual spectrum of
excited states within a theoretical approach that takes into account the non-uniform dielectric screening
in 2D systems. A pronounced dependence of the exciton binding energy on material thickness is fur-
ther observed by carefully monitoring the evolution of the excitonic states with increasing layer number
(Fig. 1(c)). The findings bolster our understanding of the fundamental physics of 2D materials and lay
the foundation for future studies of many-body phenomena in TMDs and TMD-based devices.

References
[1] K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V. Khotkevich, S. V. Morozov, and A. K. Geim,

Proc. Natl. Acad. Sci. U.S.A. 102, 10451 (2005)
[2] K.F. Mak, C. Lee, J. Hone, J. Shan, and T.F. Heinz, Phys. Rev. Lett. 105, 136805 (2010)
Research carried out in part at the Center for Functional Nanomaterials, Brookhaven National

Laboratory, which is supported by the U.S. Department of Energy, Office of Basic Energy
Sciences, under Contract No. DE-AC02-98CH10886





