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Fig. 1. Atomic structure of BP: (a) Structure of bilayer BP;
(b) the side view.
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Fig. 2. Interband transition absorption of 2D BP: (a)-(c) Reflection spectra(AR/R)?! of 1-3 layers BP; (d)—(f) infrared extinction

spectra of 4 layers, 7 layers, 13 layers, and bulk BP; (g) interband transition energy as the function of layer number®; (h) schema-
tic illustration of the optical transitions between quantized subband.
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Fig. 5. Photoluminescence (PL) of 2D BP: (a)-(c) The PL and reflection spectra of 1 layer BP under 77 K, black curve is the PL
detected alone AC, the red is PL detected alone ZZ and blue dashed curve is the reflection spectrum®!; (d) PL of BP with thick-
ness ranging from 4.6 nm (about 9 layers) to 46 nm (about 92 layers) under 80 KI*?); (e) layer dependence of PL peak position!*.
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Fig. 7. Strain effect: (a) Schematic illustration of two-point bending apparatus using a flexible polyethylene terephthalate (PET)

substrate; (b) extinction spectra of a 6 layers BP under varying tensile strains, with strain applied along AC (red) and ZZ (blue)

directions®; (c) the Fj; and E,y peak energies as a function of tensile strain, dots are experimental data and solid lines are linear

fits?; (d) schematic illustration of the experiment set-up used for applying in-plane biaxial strain by heating or cooling the PP sub-

strateP”; (e) schematic illustration of the out-of-plane hopping parameter tﬁ_ in bilayer BPP7; (f) averaged shift rates of Eyq, Ey,

Ej3 peaks as a function of layer number in 2-10 layers BP, the solid curves are fitted to the data using the tight-binding modell®7.
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Fig. 8. Electric field effect: (a) Evolution of real part of optical conductivity (ozz) due to increasing carrier density N,*; (b) ex-
tinction spectrum of a 9 layers BP before (black) and after (red) chemical doping through HNO; vapor treatment®); (c) schematic
illustration of the dual-gate hBN/BP/hBN device with CVD graphene as the top gate for tunable light emission!®; (d) the meas-
ured (dot) and fitted (lines) tunable PL spectra of the 20 layers BP device under different displacement field from 0 to
0.48 V/nml%; (e) schematic illustration of infrared tunability device. BP was exfoliated on the 285 nm SiO,/Si substrate and then
capped with 45 nm Al,O3 and 5 nm Pd as top gatel®l; (f) tunability of BP oscillator strength with a field applied to the floating
device (left) and connect device (right), for light polarized along AC.
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Abstract

Recently, black phosphorus (BP), an emerging layered two-dimensional (2D) material, has aroused much
research interest. Distinguished from most of other 2D materials, BP is always a direct bandgap semiconductor
regardless of the thickness, with the bandgap ranging from 0.3 eV (bulk) to 1.7 eV (monolayer), which is just
fill the gap in the bandgap between graphene and transition metal dichalcogenides (TMDCs) in this frequency
range. Besides, the BP exhibits many intriguing properties, such as high carrier mobility, highly tunable and
anisotropic physical properties, which render the BP another star 2D material following graphene and TMDCs.
In this review, we mainly focus on the advances in the optical properties of 2D BP, with the content covering
the intrinsic optical properties and external perturbation effects on optical properties. Regarding the intrinsic
optical properties, we introduce the anisotropic and layer-dependent optical absorption from interband
transitions, the layer-dependent exciton binding energy and exciton absorption, visible-to-infrared
photoluminescence, and stability of absorption and photoluminescence. As for external perturbation effects on
optical properties, we introduce in-plane uniaxial and biaxial strain effects, gate-induced quantum confined
Franz-Keldysh effect and Burstein-Moss effect. And finally we give a brief summary and outlook, pointing out
some several interesting and important issues of BP, which need further studying urgently such as hyperbolic
plasmons, intersubband transitions, optical properties in heterostructures and twist angle moiré superlattice and
so on. This review gives an overview of the optical properties of BP and is expected to arouse the interest in
further studying the BP.

Keywords: two-dimensional materials, black phosphorus, optical properties, infrared spectrum
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