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Recently, black phosphorus has attracted a huge attention for the discovery of unusual properties with 
high potential for microelectronics [1-4].   Black phosphorus is the thermodynamically more stable 
phase of phosphorus, at ambient pressure and temperature. Black phosphorus is a narrow-gap 
semiconductor with orthorhombic structure. It is a layered material, with each layer forming a puckered 
surface due to sp3 hybridization.  
 
The three bonds take up all three valence electrons of phosphorus, so unlike graphene, a monolayer 
black phosphorus (termed “phosphorene”) is a semiconductor with a direct band gap of~ 1 eV at the Γ 
point of the first Brillouin zone. For few-layer phosphorene, interlayer interactions reduce the band gap 
for each layer added, and eventually reach ~ 0.3 eV for bulk black phosphorus. The direct gap also 
moves to the Z point as a consequence. The presence of an energy gap is crucial for the field-effect 
transistor (FET) application of two dimensional (2D) materials, while for example graphene does not 
have an energy gap. Moreover, the thickness-dependent direct band gap may lead to potential 
applications in optoelectronics, especially for THz applications.  
 
Plasmons in black phosphorus have not been experimentally studied yet. Only a plasmon satellite at 20 
eV has been identified in 2s and 2p core levels of P in X-ray photoemission spectroscopy (XPS) [5]. 
Moreover, STEM and EELS experimental end theoretical study are missing yet.  
 
For the first time, the direct atomic structure and electronic structure of the black phosphorus were 
studied and the results presented in cross-section. All the STEM and atomic EELS measurements were 
performed at 60kV and 200keV by state-of-the-art aberration-corrected microscope installation at 
Beyond-Nano sub-Ångstom Lab, in Catania, Sicily, Italy. This consists of a probe corrected STEM 
microscope equipped with a C-FEG and a fully loaded GIF Quantum ER as EELS spectrometer. This 
particular installation is capable to deliver a probe size of 0.68 Å at 200kV, and 1.1 Å at 60kV. Low and 
core-loss EELS spectra were nearly simultaneously acquired using the DualEELS capability. Figures 1 
a) shows the simulated side view of the structure of bulk black phosphorus. Figures 1b) shows the 
experimental direct atomic structure acquired in STEM HAADF mode at 200keV of beam acceleration 
voltage with an illumination angle of 33mrad and a collection angle of 20mrad. 
Figures 2 a) show the plasmon peaked at 20eV and Figures b) shows the P L2.3 at 132eV and the P L1 at 
189eV, both acquired with an illumination angle of 33mrad and a collection angle of 10mrad. Ab-initio 
simulation through FEFF of the EELS spectra will be also presented. 
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Figure 1. a) Side view of the structure of bulk black phosphorus. b) cross-sectional view (HAADF 
STEM image) of bulk black phosphorus clearly showing the armchair arrangement of the P atoms. 

Figure 2. a) Plasmon and b)P L spectrum of black phosphorus 
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