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Quantum confinement profoundly affects the electronic structure of 2D materials as their thick-
ness is reduced down to the atomic limit. Prominent examples include the transition from an
indirect to a direct bandgap in transition metal dichalcogenides and the marked increase of
the band gap in black phosphorus (BP). Here we present direct measurements of quantum size
effects in black phosphorus and black arsenic (BAs), topical 2D semiconductors characterized
by a puckered honeycomb crystal structure. Both of these semiconductors offer promising
electronic and optoelectronic properties for applications, primarily due to their direct gap and
high mobility. Our ARPES measurements map the quantum well state (QWS) dispersion in
the valence band of few layer BP and BA. This is achieved by fabricating multiple devices with
exfoliated flakes of 2–9 layers thickness encapsulated between graphene and graphite. Based
on these measurements, we quantify the anisotropy of the valence band edge and we deter-
mine the splitting of the QWS. We find that the splittings differ markedly from the picture of
a particle in a box that is used for conventional semiconductor quantum wells (GaAs, Si), but
are well described by a tight-binding model. Our ARPES spectra also reveal distinct signatures
of electron-phonon coupling, a phenomenon that remained elusive in previous ARPES studies
of exfoliated 2D semiconductors but plays a crucial role in the transport properties at elevated
temperature.


