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Excitonic Properties of Imperfect 2D Materials: The Impact of
Defects and Temperature from First Principles

Stable two-dimensional materials are promising for nanoelectronics due to their relatively small
form factor and great variety in chemical and electronic structure, allowing for the design of
light-weight and low-cost materials for optoelectronic devices such as transistors, solar cells,
and lasers. We utilize first-principles theory to investigate the optoelectronic function of a series
of monolayer materials, emphasizing the role of defects and electron-phonon interactions; two
phenomena that will be present in and can dominate the properties of real materials, particularly
in low dimensional systems with reduced screening. We utilize first-principles density functional
theory (DFT) and many-body perturbation theory (MBPT) to describe excited state transitions.
To describe the role of phonons, we apply the recently developed special displacement method
that describes the effective exciton-phonon interaction at a given temperature from the
Willams-Lax theory. For monolayer GeSe, a promising material for photocatalysis, MBPT
calculations predict that the presence of a point defect results in localized mid-gap states and
spatially confined excited states that can be described as localized Wannier-Mott excitons. With
the inclusion of phonons, the optical absorption spectrum of pristine GeSe is red-shifted by ~ 0.1
eV, with both acoustic and optical phonons coupling to the excitonic state. To better understand
the role of exciton-phonon interactions in low dimensions, we study the band gap
renormalization for a series of 2D materials. We show that the strength of electron-phonon
interactions is highly dependent on the bonding structure. Overall, the framework we develop
allows for a systematic systematical theoretical exploration of the optoelectronic properties of
materials.
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