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Black phosphorus, a layered two-dimensional crystal with tunable electronic properties and high hole
mobility, is quickly emerging as a promising candidate for future electronic and photonic devices [1].
Although theoretical studies using ab initio calculations have tried to predict its atomic and electronic
structure [2, 3], uncertainty in its fundamental structural properties due to a lack of clear experimental
evidence continues to stymie our full understanding and application of this novel material.

In this work, aberration-corrected scanning transmission electron microscopy (STEM) is used to record
annular dark-field (ADF) images of few-layer black phosphorus. Directly interpretable atomic-
resolution ADF-STEM images captured at the [001], [101], and [100] zone axes, as shown in Figure 1,
provides a three-dimensional view of this layered material which allows all three lattice parameters to be
measured. The ADF-STEM images also unambiguously identified its stacking order which differs from
other possible arrangements discussed in literature [3].

Furthermore, STEM monochromated electron energy-loss spectroscopy (STEM-EELS) is used to
measure the conduction band density of states (DOS) of black phosphorus. The core-loss EELS
measured P Ls-edge agrees well with density functional theory (DFT)-based calculations performed for
the experimentally determined black phosphorus crystal, as shown in Figure 2a. Simultaneously
collected low-loss EEL spectrum (Figure 2b) also shows energies of bulk and surface plasmons and
changes with the number of layers.

Finally, the effects of oxidation on both the atomic and electronic structure of black phosphorus are
analyzed to explain observed device degradation. STEM-energy dispersive X-ray (STEM-EDX) maps
show that black phosphorus transforms into amorphous (H3)POs3 during oxidation which may ultimately
be responsible for the degradation of black phosphorus-based devices exposed to atmosphere over time.
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Figure 1: Atomic-resolution ADF-STEM images of black phosphorus. a, ADF-STEM image of
black phosphorus viewed along the [001] crystallographic direction, or top-down view. b, ADF-STEM
image viewed along the [101] direction or 17° tilted off the [001] zone axis. ¢, ADF-STEM image
captured at an edge of a black phosphorus flake showing multiple layers stacked together, or along [100]
direction. Images in b, ¢ and e have overlaid ball-stick atomic models to accentuate atomic columns.
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Figure 2. Electronic structure of black phosphorus. a, Monochromated EELS P L3 edge recorded
with 0.25 eV energy resolution compared with calculated 3s +3d partial DOS. DOS data is broadened
with a 0.25eV FWHM Gaussian function for better comparison. b, Low-loss EEL spectra from 4-layer
and bulk black. Peaks I, Il and 111 are mainly surface plasmon modes while peak 1V is the bulk plasmon.
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