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ABSTRACT: Recent years have witnessed the rapidly growing interests in the rediscovered black 

phosphorus (BP), an elemental group-V layered material with very high carrier mobility amongst 

all semiconducting layered materials. As a layered semiconductor, the bandgap of intrinsic BP 

varies from ~0.3 to 2 eV depending on the thickness. This bandgap value can be tuned to below 

50 meV by a moderate external electric field. Adsorption doping and external pressure can also 

effectively modify its bandgap. The largely tunable bandgap of BP makes it a promising material 

for infrared optics. Moreover, its unique puckered structure leads to the anisotropic in-plane 

properties, making it ideal for the exploration of exotic physical phenomena and the realization of 

novel devices. Here, we review its fundamental optical properties and discuss latest developments 

on BP photonic and optoelectronic devices. 

 

1. Introduction 

Black phosphorus (BP), the most stable allotrope of phosphorus, is an old semiconducting material 

first synthesized more than one hundred years ago,[1, 2] yet it emerges recently as a rediscovered 

layered two-dimensional (2D) material which holds great promise for future electronics and 

photonics.[3-14] Similar to all the other 2D materials, it is possible to exfoliate few-layer and thin 

film BP from its bulk crystal, owing to the weak van der Waals interaction among the layers (see 

BP crystal structure in Figure 1a).[3-6] Interestingly, black phosphorus covers a wavelength range 
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which cannot be widely accessed by other layered materials.[15] Graphene has a zero bandgap, and 

electronic devices made out of graphene cannot be effective turned “off”.[16-19] Due to its 

monolayer nature, the interaction between light and graphene is weak, although it is extremely 

strong if normalized to its atomic thickness.[15, 20-22] Also, because graphene is semimetallic, the 

optoelectronic devices suffer from large dark current, and therefore high noise level and high 

power consumption.[23-27] The bandgaps of semiconducting transition metal dichalcogenides 

(TMDCs) are in general in the range of ~1 to 2 eV, leading to limited optical response in technically 

critical infrared wavelength range.[15, 28] Few-layer TMDCs, however, as long as they are thicker 

than monolayer, are no longer direct bandgap semiconductors.[29, 30] Hexagonal-boron nitride (h-

BN) has a bandgap of about 6 eV, therefore it is an insulator.[15, 31] Black phosphorus provides an 

opportunity to cover the near and mid-infrared wavelength range. In its bulk form, black 

phosphorus has a bandgap of ~0.3 eV.[2-6] This value increases as the thickness of BP thin film 

goes down, and finally reaches ~2 eV for the monolayer due the vertical quantum confinement 

effect, which is a common phenomenon for many semiconducting layered materials.[9, 32, 33] It is 

also worth noticing that the bandgap is direct regardless of its thickness.[8, 9] The finite bandgap is 

critical for electronic devices since it ensures high on-off ratio for a transistor,[3] and significantly 

reduces dark current.[34] For optical applications, the 0.3 eV direct bandgap makes BP interact 

strongly with mid-infrared photons and those with even higher energy.[5] Moreover, it was 

discovered recently that the bandgap of thin-film BP can be efficiently tuned simply by an 

electrical gating approach, which may allow for the exploration of new physical phenomena and 

enable more device applications.[35-41] Another distinct feature of black phosphorus is the strong 

in-plane anisotropy, which originates from the puckered arrangement of phosphorus atoms (shown 

in Figure 1a).[5] This reduced symmetry results in specific optical transition rules in the momentum 

space and thus linear dichroic optical properties.[8, 42] Due to these desirable properties, a few 

proof-of-concept devices have been demonstrated with various functionalities.[3, 43-50] Towards the 

practical applications of BP, long-term stability is highly desirable. Although naked black 

phosphorus can oxidize under ambient environment,[7, 51] researchers have developed a number of 

encapsulation and surface passivation schemes to dramatically improve its long term stability.[52-

56] Large-scale controllable production of BP thin film is still at its infancy; nevertheless, 

encouraging progress is being continuously made. [57-59] In this Review, we will also discuss the 

BP synthesis since it is critical for future BP applications in photonics. 
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2. Electronic Properties 

The desirable properties of BP originate from its electronic band structure. The band structure of 

bulk BP measured by angle-resolved photoemission spectroscopy (ARPES) together with ab initio 

calculations is shown in Figure 1b.[3] A ~0.3 eV direct bandgap is visible at the Z point of the first 

Brillouin zone. Another interesting feature is that the band dispersion along the Z-U direction 

differs from that along the Z-T’ direction, leading to the different effective masses along the x- 

(armchair) and y- (zigzag) directions of the crystal, which causes the strong in-plane anisotropy as 

will be discussed later. Although the bandgaps of 2D materials in general increase as the films 

become thinner because of the quantum confinement effect, the increase in black phosphorus is 

significant (from ~0.3 for bulk to 2 eV for monolayer) due the stronger interlayer electronic-state 

coupling compared with other layered materials such as molybdenum disulfide.[9, 35, 60] Figure 1c 

denotes how the bandgap of BP evolves as the function of layer number calculated based on density 

functional theory (DFT).[9]  

 

In 2014, Li et al. first mapped out the band structure of BP using ARPES and constructed first 

field-effect transistors (FETs) on 5~10 nm-thick BP channels.[3] They obtained satisfactory 

ambipolar FET performance with channel current modulation up to 105 together with a field-effect 

mobility up to 1000 cm2 V-1 s-1. Figure 2a shows the first BP thin-film transistor and its transfer 

characteristic curves. Metal-insulator phase transition at high doping level was observed. Liu et al. 

studied the device behavior of BP FETs and revealed the unique anisotropic transport properties.[4] 

Figure 2b shows the angle-dependent transport behavior. Current saturation was obvious from the 

output characteristic curves in both studies. This together with the high mobility make BP a 

possible candidate for radio frequency and logic circuit applications.[43, 61] Recently, even higher 

mobility BP devices were demonstrated by using h-BN as the substrate,[62-65] which was proved to 

be effective in preserving the intrinsic ultra-high mobility of graphene.[66, 67] This is because h-BN 

not only serves as an atomically flat surface to minimize the carrier scattering, but also screens the 

effects of charge traps in SiO2 dielectric layer.[66] Li et al. placed a BP flake on a h-BN substrate, 

and the resulting device showed enhanced mobility so that quantum oscillations were observed in 

the two-dimensional electron gas (2DEG) of black phosphorus.[62] Chen et al. sandwiched a BP 

flake between two h-BN layers and the device showed much improved performance.[64] Moreover, 

https://doi.org/10.1002/adom.201800365
https://onlinelibrary.wiley.com/doi/abs/10.1002/adom.201800365


This is an authors’ version (post peer-review) of the article: 
Bingchen Deng et al. Advanced Optical Materials (2018) https://doi.org/10.1002/adom.201800365  

That has been published in its final form at: https://onlinelibrary.wiley.com/doi/abs/10.1002/adom.201800365  

4 
 

it was stable in the long term even in the ambient environment, which is critical for practical 

applications. Figure 2c shows the fully encapsulated BP device and its quantum oscillations. Due 

to the high carrier mobility, Shubnikov-de Haas oscillations of resistance were clearly seen when 

the magnetic field B > 6 T.[64] Today, the mobility of thin-film BP (~4-nm thick) has already 

reached a record of 5200 cm2 V-1 s-1 and 45000 cm2 V-1 s-1 at room and cryogenic temperatures, 

respectively.[68] This was achieved by carefully assembling h-BN/BP/h-BN sandwich in vacuum 

(10-3 Torr) to minimize the oxidation of BP. Note that the mobility achieved by vacuum-assisted 

encapsulation was up to one order of magnitude larger than that achieved by encapsulating BP 

between h-BN flakes under inert gas atmosphere. The encapsulation of BP between inert layers 

has gradually become a common practice in current BP research if pristine, high-mobility, and 

long-term air-stable devices are desirable. Table 1 summarizes the mobility values reported in the 

literature. 

 

REF. THICKNESS MOBILITY (cm2·V-1·s-1) ON-OFF RATIO TEMPERATURE 

[3] 5-10 nm 1000 105 Room temperature 

(RT) 
[4] 5 nm 286 104 RT 

[62] 10 nm 

400 --- 
RT 

250 (Hall) --- 

3900 --- 
<30 K 

2000 (Hall) --- 

[65] Few-layer 
1000 (Hall) --- RT 

6000 (Hall) --- <30 K 

[64] 5-10 nm 
1350 105 RT 

2700 --- 2 K 

[68] Few-layer 
5200 --- RT 

45000 --- 2 K 

[5] 

15 nm 
1000 (x direction) (Hall) --- 

120 K 
600 (y direction) (Hall) --- 

5 nm 205 105 
RT 

2 nm 50 5×105 

 

Table 1. Direct comparison between the field effect characteristics of different BP transistors available in 

the literature. The mobility displayed in the table is measured for hole charge carriers and, if not indicated, 

extracted through field-effect measurements. 

 

 

3. Black Phosphorus Photonics 
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3.1.   Fundamental Optical Properties and Linear Dichroism 

In 2014, Xia et al. measured the optical properties of thin-film black phosphorus in near and mid-

infrared wavelength range.[5] After that, various studies on BP optical properties and relevant 

applications have been reported. In the work of Xia et al., the authors reported the polarization-

resolved optical extinction of a ~30 nm-thick black phosphorus thin film on SiO2/Si substrate 

(Figure 3a).[5] From the figure, one can immediately obtain the bandgap of the measured BP thin 

film to be ~0.3 eV (corresponding to the ~2400 cm-1 extinction rising edge). This value agrees well 

with that obtained from ARPES,[3] indicating a negligible exciton effect in such thick BP. One also 

notices that the optical extinction depends on the polarization of the incident light: Above the band 

edge, for the incident light aligned with the x-direction (armchair-direction) of the BP thin film, 

the extinction reaches its maximum while for the light polarized along y-direction (zigzag), the 

extinction decreases. The infrared spectra together with the Raman scattering, provide non-

invasive methods to quickly determine the crystal orientations of the BP flakes. Apart from the 

linear dichroism observed near the absorption band edge of BP, the marked in-plane anisotropy of 

the puckered lattice also yields linear dichroism of BP within the visible range of the 

electromagnetic spectrum (thus allowing for crystal orientation determination with quick visible 

range optical microscopy measurements).[69, 70]  The anisotropy of black phosphorus also manifests 

itself through light emission. Wang et al. revealed that the photoluminescence (PL) from 

monolayer BP is always perfectly linearly polarized along the x-direction of the flake, regardless 

of the polarization of the excitation laser (Figure 3b).[71] The optical absorption of black 

phosphorus thin film should in principle also shows strong linear dichroism, i.e. the absorption of 

light polarized along the y-direction of the crystal should be weaker than that along x and this linear 

dichroism is 100% at band edge. Detailed studies of black phosphorus band structure from the 

symmetry point of view by Qiao et al. and Yuan et al. showed that at the direct bandgap of BP, 

the optical transition of states between valence band and conduction band is allowed for x-

polarized light because the dipole operator in this case is odd.[8, 42] However, the transition is 

symmetry-forbidden for y-polarized light. Therefore, the general trend is that, the optical 

absorption for light polarized along the y-direction of BP crystal is forbidden at the immediate 

band edge, but still increases at higher energy, although it will not exceed that for x-polarized light. 

Li et al. and Zhang et al. studied the layer-dependent infrared spectra of few-layer BP samples and 

their associated electronic structures.[72, 73] It was found that the optical extinction (and reflection) 
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spectra of thin-film BP are affected by the underneath substrate. Li et al. and Zhang et al. used 

thick sapphire substrate (with top h-BN encapsulation) and quartz substrate to eliminate the 

multiple reflection within the thin oxide layer if SiO2/Si are used as the substrate. Figure 3c shows 

the infrared extinction spectra of BP of several representative thicknesses by Zhang et al.  

 

The results of Li et al. and Zhang et al. indeed confirmed the trend the symmetry analysis 

predicted. However, even sapphire and quartz are not optimal for measuring the infrared extinction 

spectra of BP due to the following reasons. First, they become less transparent near the bulk BP 

bandgap energy of ~0.3 eV and below. Second, they are optically anisotropic themselves. In order 

to measure the infrared extinction spectra of BP accurately, recently we used a polycrystalline zinc 

sulfide (ZnS) chip as the substrate. ZnS is transparent in the infrared region up to ~15 µm (670 cm-

1, or 83 meV), and shows isotropic optical transmission during our measurements due to its 

polycrystalline nature. Figure 3d displays the polarization-resolved extinction spectra of a ~15 nm-

thick BP flake on a 1 mm-thick ZnS substrate. It is clearly seen that beyond the band edge of 2400 

cm-1, the extinctions for different light polarizations diverge, indicating the strong in-plane 

anisotropy. Several important features are clearly seen: 1. The extinction along the y-direction (0° 

and 180° in the legend) is zero in a very broad energy range. It increases slightly when photon 

energy exceeds ~0.6 eV (around ~5000 cm-1 and up). As a result, the linear dichroism is nearly 

100% for the measured wavelength range. These observations are consistent with the symmetry 

argument discussed above.[8, 42] 2. The optical extinction for light polarized along the x-direction 

is around 5% for this 15 nm-thick sample, which agrees with the theoretical calculation.[74] 3. The 

extinction rises rapidly first and then increases very slowly, leading to the step-like extinction 

pattern. This is a reminiscence of optical absorption in a pure 2D system.[32, 33] However, the 

measured sample was 15-nm thick and in such 3D direct bandgap semiconductors we usually 

expect a √𝜔-like (𝜔 is the light angular frequency) optical absorption spectrum.[33] For black 

phosphorus, when it is in 2D form (monolayer), its optical properties are similar to those quasi-1D 

systems,[71] and correspondingly its bulk form (3D) exhibits 2D-like optical properties. This 

phenomenon is due to its unique puckered structure. 

 

3.2.   Tunable Optical Properties 
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The optical properties of black phosphorus can be strongly tuned by its thickness, as demonstrated 

both experimentally[72, 73] and theoretically[9], as discussed above. In the work of Low et al.’s, the 

authors calculated the optical conductivity of black phosphorus thin film as a function of thickness 

by using Kubo formula.[74] Figure 4a shows their results of BP optical conductivity spectra (real 

part) along the x-direction for different thicknesses. As mentioned above, due to the strong linear 

dichroism, the optical conductivity (real part) along the y-direction is close to zero. One major 

feature in the calculated results is the oscillating patterns in the spectra due to the transitions 

between different sub-bands. This feature is usually pronounced in 1D system.[32, 33, 75, 76] Here 

thin-film BP exhibits such properties due to its further “reduced-dimension” nature arising from 

the puckering of the crystalline structure. Recently Zhang et al. measured the optical extinctions 

of very thin BP from 2 to 15 layers, and the oscillating behaviors were clearly confirmed (Figure 

3c).[73] 

 

Low et al. also theoretically considered the impact of Fermi level (or doping) on the optical 

conductivity of BP thin film.[74] Figure 4b illustrates that as the Fermi level moves away from the 

mid-gap, the optical conductivity change exhibits two features. First, the absorption edge 

undergoes a blue shift due to the Pauli state blocking, similar to that observed in graphene.[22, 77, 78] 

Second, as the Fermi level goes higher, the carrier concentration increases, which results in the 

pronounced free carrier absorption in the low-energy domain.[33, 79, 80] In the inset of Figure 4b, the 

authors also calculated the corresponding carrier concentration as a function of Fermi level, which 

shows that the Fermi levels denoted in Figure 4b are largely accessible. 

 

Other than doping, a vertical electric field applied along the thin film semiconductor material can 

also tune its optical properties, which is known as the Stark effect.[81] This effect is important for 

the realization of compact, electrically tunable on-chip optoelectronic devices, such as optical 

modulators. Previously, III-V quantum wells have been leveraged to build infrared optical 

modulators based on quantum-confined Stark effect (QCSE).[82] It is highly desired to uncover and 

exploit the electric-field tunable bandgap and light absorption in BP. Once achieved, it can extend 

the operational wavelength range of BP photonic devices to infrared region beyond the intrinsic 

cut-off wavelength of 3.7 µm (corresponding to the ~0.33 eV bandgap). Kim et al. first showed 

that the bandgap of few-layer BP can be tuned and even completely closed through a vertical 
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electric field induced by the adsorption of potassium atoms on the surface.[83] However, although 

this method is a very effective way to heavily dope the BP to tune its bandgap, from the practical 

point of view its integration in real-life devices seems extremely cumbersome. Deng et al. recently 

revealed the detailed thickness-dependent bandgap tuning properties in intrinsic BP thin films by 

performing transport study on dual-gate BP FETs.[35] Briefly speaking, the bandgap tuning is 

caused by the potential difference perpendicular to the sample, which is induced by the electric 

field. However, the strong interlayer coupling limits the bandgap tuning, and the overall bandgap 

modulation is the result of these two competing factors. They also demonstrated that for BP with 

a thickness of around 10 nm, the bandgap can be continuously tuned from ~300 to below 50 meV 

by a displacement field of ~1 V/nm, which can be readily achieved using regular dielectrics. The 

bandgap value of a 10 nm-thick BP as a function of vertical displacement field is shown in Figure 

4c. Here the bandgap tuning is very large and is in fact comparable to the bandgap itself. As a 

result, the screening effect significantly increases as the bandgap shrinks, and the simple tight-

binding (TB) model alone cannot well explain the experimental results. To account for the 

additional screening, the bandgap dependent dielectric constant has to be used to model such a 

large bandgap tuning effect.[35] The similar bandgap tuning effect was also studied by Liu et al. 

using low-temperature scanning tunneling microscopy.[36] They reported a bandgap reduction from 

~310 meV to 200 meV through the application of a single back-gate voltage. 

 

Strain also modifies the bandgap of black phosphorus significantly. Quereda et al. investigated BP 

thin films with periodic rippling structures.[70] By measuring the BP optical absorption at visible 

range, they indirectly inferred that the optical absorption edges for ripple valleys and ripple 

summits could differ by 0.7 eV (corresponding to -30% shift for compressive and +10% shift for 

tensile stress respectively), which is much larger than its TMDC counterparts. Also in the work of 

Zhang et al., they directly measured the infrared spectra of BP thin films under strain (Figure 

4d).[73] Their results showed that BP was highly sensitive to strain and 1% uniaxial strain could 

modify the bandgap by more than 20%. Moreover, several experimental[84-86] and theoretical[87, 88] 

works have explored the possibility to tune the electronic band structure of BP through hydrostatic 

pressure. At moderate pressures BP displays a pressure dependent insulator-to-metal transition[84] 

and at high pressures BP even undergoes a structural phase transition accompanied by a 

superconducting transition with a Tc around 5-10 K.[85, 86] 
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Another approach to modify the optical properties of black phosphorus is to alloy BP with arsenic 

atoms, yielding the black arsenic phosphorus (b-AsxP1-x) alloy.[89] By adjusting the arsenic 

concentration in b-AsxP1-x, the bandgap energy can be reduced down to ~0.15 eV when x reaches 

0.83 while the orthorhombic puckered layered structure is still preserved. The optical absorption 

edge of b-AsxP1-x thus moves to lower frequency when the arsenic concentration increases (Figure 

4e). This provides another tuning knob to realize longer wavelength (> 3.7 µm) mid-infrared light 

detection. Recently a few b-AsxP1-x mid-infrared photodetectors operational up to 8 m have been 

demonstrated.[90, 91] 

 

3.3.   Black Phosphorus Photodetectors and Optical Modulators 

Photodetectors are one of the most important components in photonics. Bulk black phosphorus has 

a bandgap energy of ~0.33 eV. Therefore, photons with energy larger than that (3.7 µm or shorter 

in terms of wavelength) can be absorbed by BP through efficient interband transitions, and 

consequently, be detected. In 2014, the capability of detecting light at visible and near-infrared 

regions was demonstrated. These detectors had various device configurations based on FET 

structures (Figure 5a upper left panel),[46, 92] local split-gate p-n junction (Figure 5a upper right 

panel),[93] BP-molybdenum disulfide (MoS2) heterojunction p-n junction (Figure 5a lower left 

panel),[44] etc. Youngblood et al. fabricated BP photodetector working in the near-infrared telecom 

band with waveguide-integrated structure to significantly enhance light-BP interaction (Figure 5a 

lower right panel).[34] Their detectors worked in the photovoltaic mode and thus reached a speed 

of 3 GHz. To leverage the optical linear dichroism of black phosphorus, Yuan et al. demonstrated 

a polarization-sensitive photodetector (Figure 5b).[42] The ratio of the responsivities between the 

x-polarized and y-polarized light was enhanced as the wavelength increased, which is also 

consistent with the symmetry analysis presented above. To make the most of the moderate bandgap 

of black phosphorus, and to extend the operating spectral range into less-explored but 

technological important mid-infrared region, Guo et al. constructed interdigitated BP 

photodetector operating at 3.39 µm with an external responsivity as high as 82 A/W.[94] The high 

gain was due to the trapping of one type of photo-excited carriers and thus prolongs the 

recombination lifetime of the other. The other type of carriers, as a result, has the opportunity to 

make transit between the source and drain many times before recombination. Their device 
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schematic and the feature of photoresponse are showed in Figure 5c. Because of the decent off-

state of BP transistors, their detectors were capable of detecting mid-infrared light at pico-watt 

level. Using time-resolved measurements, Suess et al. revealed the potential of black phosphorus 

in high-speed mid-infrared optoelectronics up to the band edge energy of 3.7 µm.[95]  

 

Since a moderate vertical electric field significantly reduces the bandgap energy of BP from 300 

meV to below 50 meV, the lower energy photodetection limit of black phosphorus detectors can 

be further extended. Recently, Chen et al. demonstrated a dual-gate interdigitated photodetector 

with FET configuration based on h-BN/BP/h-BN-sandwiched heterostructure.[96] As mentioned in 

the previous section, h-BN encapsulated BP devices show better electrical performance and also 

improved stability. Their photodetector worked up to 7.7 µm under a vertical electric field, 

corresponding to photon energy of only 160 meV, much smaller than the BP intrinsic bandgap. 

The left panel of Figure 5d shows the photocurrent as a function of displacement field for 5 and 

7.7 µm laser illumination, respectively. As the field increases, the bandgap shrinks, and the 

corresponding photocurrent increases. In this case, the intrinsic BP properties were preserved by 

h-BN encapsulation and the photocurrent generation mechanism was different from the previous 

reports. The magnitude of photocurrent reached its maximum at charge-neutrality point, which is 

the key feature of the photoconductive effect. In this regime, excess electrons and holes were 

generated by the incident photons through interband transition, and were then drifted to the 

opposite directions under the source-drain bias. In this device, since the active BP layer was well 

protected by the underneath and top h-BN (the trapping effects were negligible), the intrinsic 

photoconductive effect could be accessed. This work also provided an alternative evidence of 

black phosphorus bandgap tunability under an electrical field. In the right panel of Figure 5d, the 

displacement fields at which 5 and 7.7 µm photoresponses emerge (corresponding to absorption 

edge decreases of 80 and 170 meV respectively) are denoted as scatters. They lie within the 

calculated solid lines. These results are also consistent with the bandgap tuning extracted from the 

electrical transport study.[35]  

 

Since black arsenic phosphorus has a tunable bandgap as a function of arsenic composition, it may 

be used to detect long-wave infrared light. Recently, Long et al. and Amani et al. showed that by 

using b-AsxP1-x with high x value, their detectors worked beyond 3.7 µm with decent 
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responsivities.[90, 91] In both detectors, the lowest photon energy that can be detected is limited by 

the material bandgap. Interestingly, Viti et al. demonstrated a BP terahertz detector based on 

plasma-wave rectification effect or thermoelectric effect, depending on the detector working 

regimes.[97] They later improved their detector performance also by sandwiching a BP layer 

between two h-BNs layer to preserve the intrinsic properties of BP.[98] 

 

Besides light detection, modulation is also important in photonics. Up to now, the reported black 

phosphorus optical modulations were mainly based on the two working principles discussed in the 

“tunable optical properties” section, namely, the Stark effect and the Pauli blocking effect. Stark 

effect reduces the bandgap under a vertical electric field. Pauli blocking, on the other hand, shifts 

the absorption edge to higher energy because the increasing doping level blocks the optical 

transitions at lower energies.  Lin et al. theoretically investigated the influence of these two effects 

on BP optical response and proposed a silicon waveguide-integrated BP optical modulator working 

in mid-infrared.[39] By the application of a gate voltage, the modulation of BP infrared response 

was achieved by the interplay of both Stark and Pauli blocking effects since a gate voltage induced 

an out-of-plane electric field and also introduced extra doping into the material simultaneously. 

As a result, both blue shift and red shift of BP absorption edge can happen depending on initial 

doping, BP thickness, and operational wavelength. Figure 6a shows their proposed device structure 

and the bandgap energy shift as functions of carrier density and BP thickness for the two different 

mechanisms. Whitney et al. experimentally demonstrated the tunable optical extinction of BP thin 

films by applying a back-gate bias.[38] However, in their work, the modulation was actually a mixed 

result of both effects (Figure 6b). To better understand the individual influences of the Stark effect 

and the Pauli blocking effect on BP optical properties, it is desirable to fabricated dual-gate device 

where the two gates can control the Fermi level and the electric field penetrates the material 

separately.[99] In fact, the tunable photocurrent results reported by Chen et al. also probed the 

optical absorption of black phosphorus purely under an electric field by always examining the 

photocurrent at charge-neutral point, a condition at which the Fermi level lays in the middle of the 

tuned bandgap.[96] Although black phosphorus is a promising candidate for mid-infrared modulator 

applications, its potentials have not been extensively explored. For example, future integration of 

BP with optical waveguides or cavities can lead to practical modulators operational in a broad mid-

infrared wavelength range. 
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3.4.   Black Phosphorus Nonlinear Optics 

So far, our discussion focuses on the interaction between black phosphorus and light with relatively 

low intensity, where linear optical response dominates. The non-linear optical properties of BP are 

equally impressive.[48, 100-103] Lu et al. demonstrated saturable light absorption in liquid exfoliated 

black phosphorus.[100] Figure 7a shows their results of Z-scan measurements on BP nanoplatelets 

dispersed in isopropyl alcohol (IPA). In the Figure, the Z = 0 position corresponds to the focus 

point where the incident light intensity is maximized. The normalized transmittance increases as 

the BP sample moves towards the focus point, indicating the light absorbed by BP nanoplatelets 

gradually saturated. Also, the increasing power noted in the legends causes increasing 

transmittance, which is also consistent with the saturable absorption behaviors. They also revealed 

the broadband nonlinear optical response from visible (400 nm) to mid-infrared (1930 nm), 

showing the great potentials of BP in the field of nonlinear optics across a broad wavelength range. 

 

Using the pump-probe method, Wang et al. investigated the ultrafast carrier dynamics in black 

phosphorus.[104] The nonlinear optical measurements show that BP is a promising saturable 

absorber in near- and mid-infrared, due to the fast relaxation of excited carriers. Chen et al. 

demonstrated the applications of BP in Q-switch and mode-locked lasers by placing mechanical 

exfoliated BP into an erbium-doped fiber laser cavity.[48] The nonlinear properties of BP also make 

it suitable for all-optical signal processing. Zheng et al. demonstrated an optical Kerr switch and a 

four-wave-mixing-based wavelength converter based on BP.[105] Their use of metal-ion-modified 

black phosphorus was also proven to be effective against oxidation. The same research group has 

also fabricated an all-optical thresholder, in which the transmittance of light is possible only when 

the light intensity reaches certain threshold. [106] The device also worked based on the principle 

that the high-intensity light saturates the absorption of BP. Moreover, an all-optical modulator was 

demonstrated.[106] In this device, a continuous-wave signal and a control light pulse were focused 

on the device simultaneously. The intensity of the light pulse was high such that it saturates the 

BP absorption. The continuous signal light can have high transmittance when the pulsed light was 

on, but is significantly attenuated when the pulsed light was off. As a result, efficient optical 

modulation of the signal light is realized using the pulsed control light. The device working 

principles are shown schematically in Figure 7b. Besides black phosphorus flakes, ultra-small 
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black phosphorus quantum dots were reported as well with desirable nonlinear optical 

properties.[107] 

 

3.5.   Black Phosphorus Biophotonics 

Phosphorus is an essential element for organisms, and it makes up ~1% of the weight in a human 

body.[108] Therefore, black phosphorus has inherent biocompatibility, biodegradability and 

nontoxicity for human body.[109-111] Together with the BP’s strong optical response in infrared, 

these desirable properties make it promising for biophotonic and clinical applications. 

 

Sun et al. used black phosphorus quantum dots as photothermal agents for cancer photothermal 

therapy.[109] In short, BP quantum dots were first prepared by a liquid exfoliation method, and 

near-infrared light was used to induce temperature increase in BP quantum dots. Due to the decent 

photothermal conversion efficiency of the as-prepared BP agent, the infrared light induces strong 

heating effect to treat the cancer cells. Their experiments also showed that the BP agent was not 

toxic to different types of cells. Shao et al. used poly (lactic-co-glycolic acid) (PLGA) loaded BP 

quantum dots for photothermal therapy.[110] In their work, the degradation of BP in the presence 

of oxygen and water actually became an intrinsic advantage since it made the agent more 

biodegradable in human body. The coated PLGA protected the core of BP quantum dots while 

also controlled the degradation rate. The authors performed both in vitro and in vivo experiments 

to confirm its nontoxicity and biocompatibility. In another work, Qiu et al. showed that by loading 

BP nanostructure and therapeutic drug into a hydrogel, it was possible to accurately control the 

drug release rate by adjusting near-infrared radiation conditions.[111] In this case, black phosphorus 

absorbed the near-infrared light and efficiently converted it into heat, and the heat was used to 

hydrolyze and soften the hydrogel. Therefore, the drug could be controllably released into the 

environment.[111] 

 

4. Outlook 

In this article, we have reviewed the latest progress on a few important research topics of black 

phosphorus photonics. Black phosphorus may enable various photonic applications in the infrared 

wavelength range, which cannot be easily accessed by other 2D materials. Looking forward, 

probably the biggest challenge is its wafer scale synthesis. At current stage, black phosphorus thin 
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films are mostly obtained by exfoliation methods, including mechanical and liquid exfoliation.[3-6, 

112-114] A controllable large-scale synthesis approach of BP thin films is increasingly expected. The 

high pressure (~10 GPa) red phosphorus to black phosphorus conversion by phase transition 

approach reported by Li et al. shows a possible route towards wafer-scale synthesis (Figure 8a, top 

panel).[57] However, they only utilized high pressure and the effect of temperature was not 

explored. Moreover, high temperature is a favorable condition in crystal formation process since 

it enlarges the grain size.[115] Very recently, Li et al. realized the synthesis of highly crystalline BP 

thin film on sapphire at an elevated temperature of 700 ℃ and a reduced pressure of 1.5 GPa.[58] 

The as-grown BP showed much larger domain size and much improved carrier mobility. 

Moreover, they demonstrated that for red phosphorus covered by exfoliated h-BN, the converted 

h-BN/BP heterostructure had atomically sharp interface and the layered structure was clearly seen 

(Figure 8a, middle panel). Another approach with similar red phosphorus pre-deposition method 

used in-situ chemical vapor reaction with the presence of mineralizing agents (tin and tin (IV) 

iodide), and the synthesis of BP thin-film flakes directly on silicon substrate was realized (Figure 

8a, bottom panel).[59] However, in this method, the synthesized BP films were not continuous. 

Further optimizations are needed to address this issue. 

 

Moreover, another clear challenge is that bare black phosphorus is unstable in ambient condition. 

[7, 51] Over the last years, different groups have developed a few effective approaches to improve 

its stability, including chemical modification,[52, 116] polymer coating,[117] atomic layer deposition 

(e.g. Al2O3, HfO2) coating,[118] metal ion modification,[54] fluorine atom adsorption,[55] graphene 

oxide/BP aerogel,[56] encapsulation using other inert 2D material (e.g. h-BN, graphene),[53] etc. 

Among them, h-BN/BP/h-BN heterostructure is very promising for future electronics and 

optoelectronics since large-area multilayer h-BN for high-quality dielectric has already been 

realized,[119] and h-BN coverage preserves the intrinsic quality of BP. We also want to emphasize 

that the degradation of bare BP is not necessarily an undesirable property. The biodegradability 

and biocompatibility make it a novel material for biophotonic applications. 

 

Besides optical detection and modulation, black phosphorus may also play a role in infrared light 

sources. As mentioned above, strong photoluminescence has been observed in mono- and few-

layer BP.[71, 72] It may be possible to develop tunable electroluminescence (EL) light source based 
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on BP, leveraging its tunable bandgap. Moreover, the collective carrier excitation (plasmon) in 

black phosphorus has yet to be experimentally revealed, although it was predicted theoretically. 

Interestingly, the plasmon modes in BP are predicted to be highly anisotropic and in armchair 

direction, the mode is long-lived up to near infrared (Figure 8b).[120] The fast carrier dynamics and 

decent saturable absorption over the broad infrared spectrum make it promising for applications 

such as laser mode-locker, ultrafast optical modulator and switch, wavelength converter, all-

optical signal processing, etc.[48, 105, 106] 

 

Recently, Low et al. theoretically studied the valley current in symmetry broken black phosphorus 

thin films.[121] Conventional valley physics has been extensively investigated in 2D hexagonal 

lattice systems, like TMDCs and graphene.[122-128] In black phosphorus, however, due to the 

different band structure, the properties of topological valley current were predicted to be 

distinctively different.[121] It may be possible to observe finite transverse Hall voltage directly 

under a longitudinal drive current, even without circularly-polarized light excitation.[121] This was 

not possible in TMDCs or graphene. Therefore, the new effects of coupling between BP and 

circularly polarized light can also be interesting. Figure 8c shows that, in the symmetry broken 

regime, right or left circularly polarized light couples to states with Berry curvature of a certain 

polarity. As a result, this will generate finite topological current with components along both the 

longitudinal and transverse directions. 

 

In summary, during the past few years, black phosphorus has attracted significant attention due to 

many exciting properties such as its strong interaction with infrared light, high carrier mobility, 

desirable and widely tunable bandgap and the interesting in-plane anisotropy. Numerous proof-of-

concept devices such as transistors, photodetectors, and optical modulators were demonstrated 

with superior performances. Among these, near- and mid-infrared photonics is especially 

promising since black phosphorus largely outperforms other 2D material counterparts within this 

wavelength range. Future efforts on wafer-scale synthesis and device developments may 

ultimately lead to its deployment in various infrared applications especially in the mid-infrared 

wavelength ranging from 2 to 8 m. 
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Figure Captions 

Figure 1. Crystalline structure and layer-dependent electronic properties (a) Schematic of BP 

crystal, featured by puckered arrangement of phosphorus atoms. Adapted with permission.[10] 

Copyright 2015, National Academy of Sciences. (b) The band structure of bulk BP measured by 

ARPES. Adapted with permission.[3] Copyright 2014, Springer Nature. (c) The bandgap energy of 

black phosphorus as a function of layer number. GW method calculates the quasi-particle bandgap 

(electrical bandgap) while BSE method accounts for the optical bandgap. The difference between 

the electrical gap and optical gap is just the exciton binding energy. Adapted with permission.[9] 

Copyright 2014, American Physical Society. 

 

Figure 2. Black phosphorus electronic devices (a) Left: Schematic of the first BP field-effect 

transistor. Right: Transfer characteristic of the BP FET. Red (Green) curve corresponds to a 

source-drain bias of 10 mV (100 mV). Adapted with permission.[3] Copyright 2014, Springer 

Nature. (b) Left: Device geometry to measure the anisotropy of BP electrical conductivity. Right: 

Drain current and transconductance as a function of measuring angle. Adapted with permission.[4] 

Copyright 2014, American Chemical Society. (c) Left: Fabrication of fully encapsulated BP device 
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based on h-BN/BP/h-BN heterostructure. Right: Shubnikov-de Haas oscillations observed in high-

mobility BP device. Adapted under the terms of the Creative Commons Attribution 4.0 

International License.[64] Copyright 2015, Springer Nature. 

 

Figure 3. Optical linear dichroism in black phosphorus (a) Polarization-resolved infrared 

extinction spectra of a ~30 nm-thick BP on 300 nm SiO2/Si substrate. Inset: The measured flake 

with x- and y-axis denote the armchair and zigzag directions of the BP crystal. Adapted with 

permission.[5] Copyright 2014, Springer Nature. (b) PL intensity as a function of polarization 

detection angle. Adapted with permission.[71] Copyright 2015, Springer Nature. (c) Infrared 

extinction spectra of BP on quartz with representative thicknesses. For the last panel, the bulk 

sample (thickness > 100 nm) is on an intrinsic Si substrate. E11, E22, E33 and E44 denote the 

intersubband transitions. Adapted under the terms of the Creative Commons Attribution 4.0 

International License.[73] Copyright 2017, Springer Nature. (d) Polarization-resolved infrared 

extinction spectra of a ~15 nm-thick BP sample on ZnS. The 90° in the legend is close to the x-

direction of the crystal. 

 

Figure 4. Tuning of black phosphorus optical properties (a) Calculated real part of the optical 

conductivity along the x-direction of BP with different thicknesses. Adapted with permission.[74] 

Copyright 2014, American Physical Society. (b) Calculated real part of the optical conductivity 

along the x-direction of BP with different Fermi levels. Inset: The relationship between carrier 

concentration and Fermi level. Adapted with permission.[74] Copyright 2014, American Physical 

Society. (c) BP bandgap modulation as a function of vertical displacement field. Dash (solid) lines: 

The calculated bandgap tuning properties using the tight-binding model without (with) additional 

bandgap-dependent dielectric screening effect.  Adapted under the terms of the Creative Commons 

Attribution 4.0 International License.[35] Copyright 2017, Springer Nature. (d) Extinction spectra 

of a 6-layer BP under different tensile strain conditions. E11 and E22 denote the intersubband 

transitions.  Adapted under the terms of the Creative Commons Attribution 4.0 International 

License.[73] Copyright 2017, Springer Nature. (e) Extinction spectra of b-AsxP1-x with different x 

values. Adapted with permission.[89] Copyright 2015, John Wiley and Sons. 
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Figure 5. Black phosphorus photodetectors (a) BP photodetectors with varying device 

configurations. Upper left: FET structure. Adapted with permission.[92] Copyright 2014, American 

Chemical Society. Upper right: split-gate p-n junction. Adapted with permission.[93] Copyright 

2014, Springer Nature. Lower left: BP-MoS2 p-n junction. Adapted with permission.[44] Copyright 

2014, American Chemical Society. Lower right: Si waveguide-integrated detector. Adapted with 

permission.[34] Copyright 2015, Springer Nature.  (b) Photocurrent mapping of a BP photodetector 

(ring-shape) under the illumination light with different polarizations. Adapted with permission.[42] 

Copyright 2015, Springer Nature. (c) Left: Schematic of BP mid-infrared photodetector with 

interdigitated structure. Right: The device photoresponse under different illumination powers. The 

photocurrent qualitatively follows the trend of transconductance. Adapted with permission.[94] 

Copyright 2016, American Chemical Society. (d) Left: Photocurrent as a function of vertical 

displacement field under 5 µm and 7.7 µm laser illumination respectively. Right: The tuning of 

BP optical absorption edge as a function of vertical displacement field. (Theory) The critical 

displacement fields where 5 µm and 7.7 µm photoresponses emerge are denoted. (Experiment)  

Adapted under the terms of the Creative Commons Attribution 4.0 International License.[96] 

Copyright 2017, Springer Nature. 

 

Figure 6. Black phosphorus optical modulators (a) Left: A design of black phosphorus optical 

modulator based on the structure of Si waveguide. Right: Red (black) lines: Calculated energy 

shift of bandgap as a function of carrier concentration caused merely by Pauli blocking effect 

(Stark effect). Adapted with permission.[39] Copyright 2016, American Chemical Society. (b) Left: 

A gate-tunable BP modulator prototype. Right: Relative extinction spectra normalized to zero bias 

for different gate voltages. Adapted with permission.[38] Copyright 2017, American Chemical 

Society. 

 

Figure 7. Black phosphorus nonlinear optics (a) Z-scan measurements of BP nanoplatelet 

dispersions under 400 nm (left) and 800 nm (right) illumination, respectively. Adapted under the 

terms of the Creative Commons Attribution 4.0 International License.[100] Copyright 2015, Optical 

Society of America. (b) Schematic of the all-optical modulator based on BP saturable absorber. A 

continuous-wave signal and a control light pulse are coupled into few-layer black phosphorus (FL-

P) simultaneously. When the pulsed light is on, it saturates the BP absorption so that the 
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transmittance of the continuous signal light is high. When the pulsed light is off, the FL-P absorbs 

the signal light strongly such that it is significantly attenuated. Therefore, the output signal after 

FL-P is efficiently modulated by the pulsed control light. Adapted with permission.[106] Copyright 

2017, John Wiley and Sons. 

 

 

Figure 8. Wafer-scale synthesis and future work (a) Top: Synthesis of thin-film black 

phosphorus by the high pressure approach. First, red phosphorus thin film is thermally deposited 

to a flexible substrate from red phosphorus powder. Then, high pressure is applied to convert red 

phosphorus to BP by phase transition. Adapted with permission.[57] Copyright 2015, IOP 

Publishing. Middle: Synthesis of highly crystalline BP thin film and the formation of h-BN/BP 

heterostructure at elevated temperature. Adapted with permission.[58] Copyright 2018, John Wiley 

and Sons. Bottom: In-situ synthesis of black phosphorus film directly on silicon substrate. The red 

phosphorus film was pre-deposited on the substrate. The chemical reactions take place with the 

assistance of the mineralizing agents. Adapted with permission.[59] Copyright 2016, IOP 

Publishing. (b) Calculated energy loss function and plasmon dispersion for monolayer BP along 

the two main crystal directions. Adapted with permission.[120] Copyright 2014, American Physical 

Society. (c) The interaction between circularly polarized light and symmetry broken BP. Left and 

right circularly polarized lights couple to the electronic states with Berry curvatures of different 

polarities, leading to the opposite topological currents. The Berry curvature mapping in k-space is 

distinct from those in 2D hexagonal lattice systems. Adapted with permission.[121] Copyright 2015, 

American Physical Society.  
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