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25 Abstract 
26 
27 The rise of two-dimensional (2D) layered materials has inspired luxuriant research interests in 
28 
29 
30 the development of novel nano-devices. Thanks to van der Waals (vdWs) interlayer forces 
31 
32 and free of dangling surface bonds, 2D materials are favorable for constructing vertical 
33 
34 

heterostructures by combining materials with different features. In recent years, ultrathin 
36 
37 black phosphorus (BP) is rediscovered as a new member of 2D family and attracts significant 
38 
39 research attention due to its outstanding electronic properties and tunable band gaps, which 
41 
42 offers new avenue for the creation of novel 2D heterostructures. Here, we summarize the 
43 
44 recent development of the heterostructured architectures based on 2D BP nanosheets and 
46 
47 emphasize their device characterizations. The stacks of phosphorene with graphene, 
48 
49 semiconductors or insulators are reviewed, along with the methods to characterize the 
50 
51 
52 corresponding proof-of-concept devices as well as the potential opportunities for the 
53 
54 applications in 2D limit, including transistors, optoelectronic devices and sensors with 
55 
56 

unprecedented functionalities. Finally, the challenges ahead of BP heterostructures are 
58 
59 discussed and some future outlooks are suggested. 
60 
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1. Introduction 
1 
2 The fast expansion of two-dimensional (2D) materials provides an appealing platform for 
3 
4 

designing heterostructures with new physical characteristics.[1-4] Differing from conventional 
6 
7 bulk heterostructures, 2D heterostructures are connected by van der Waals (vdWs) interlayer 
8 
9 forces without surface dangling bonds, enabling the assembling of various ultrathin layered 
11 
12 materials without the need of considering lattice mismatch.[1,3] The stacking of different 2D 
13 
14 materials on top of each other may result in atomically sharp interface with unprecedented 
15 
16 
17 functionalities. The ultrathin thickness allows band structure engineering via electrical 
18 
19 modulation in the longitudinal direction. Moreover, the excellent mechanical strength and 
20 
21 

flexibility of the heterostructures provide new insights for wearable applications. Up to now, a 
23 
24 lot of 2D vdWs heterostructures have been prepared by assembling various conventional 2D 
25 
26 materials, such as graphene,[5,6] monolayer transition metal dichalcogenides (TMDs),[7,8] and 
28 
29 hexagonal boron nitride (h-BN).[9,10] A series of proof-of-concept devices based on 2D 
30 
31 heterostructures have also been realized and shown remarkable performance, such as 
33 
34 photodiodes,[8,11] tunneling devices[6,10] and memory devices.[12,13] 
35 
36 Among the members of 2D family, phosphorene, namely monolayer of black phosphorus 
37 
38 
39 (BP) has attracted enormous interests in recent years due to its preeminent electronic 
40 
41 properties.[14,15] In general, BP crystal consists of individual layers held together by weak 
42 
43 vdWs interactions, with each layer formed by strong in-plane covalent bonds. (Figure 1a). 
45 
46 Unlike the planar lattice of graphite, the crystal structure of BP is orthorhombic with each 
47 
48 layer exhibiting a repeating puckered honeycomb structure along the armchair direction due 
50 
51 to the sp3 hybridization.[16] This unique structural anisotropy issues in its exceptional in-plane 
52 
53 anisotropic optical and electrical natures. Unlike graphene, BP features p-type 
54 
55 
56 semiconducting nature with high hole mobility, which is propitious for electronic applications. 
57 
58 Due to the quantum confinement effect, the 2D BP possess thickness-dependent direct 
59 
60 

bandgaps, spanning a wide range from 0.3 eV (infrared) for bulk to 2.0 eV (visible) for 
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monolayer, which is one of the largest coverage of band gaps among 2D materials (Figure 
1 
2 1b).[17-21] The band tunability enables BP to be optimized for certain applications by selecting 
3 
4 

the proper thickness. Although the investigation on 2D BP is just started over two years, 
6 
7 significant advancements have already been made on the demonstration of BP device 
8 
9 applications,   such   as   FETs,   batteries,   memory   devices,   sensors   and   thermoelectric 
11 
12 applications.[22-25] Even though phosphorene possesses excellent electronic properties and 
13 
14 tunable direct optical band gaps, it suffers from oxidization upon exposure in ambient.[26-28] 
15 
16 
17 Because of the surface oxide species, the performance of the phosphorene-based devices 
18 
19 would strongly degrade when they are prepared or characterized in air. To overcome the issue, 
20 
21 

the ultrathin BP nanosheets can be protected by a stable capping layer, such as Al2O3 or aryl 
23 
24 diazonium (Figure 1c).[26,29] Another strategy to prevent the degradation is to stack another 2D 
25 
26 material on top of phosphorene, such as graphene or h-BN, forming a vdWs heterostructure, 
28 
29 which can greatly enhance the performance of the BP transistors (Figure 1d).[28,30] 
30 
31 The passivation is only the one of the basic functions of the vdWs heterostructures of BP. 
33 
34 So far, a number of BP heterostructures, including the stacking with either other 2D materials 
35 
36 or conventional oxides have been developed and shown distinct electronic and optoelectronic 
37 
38 

properties, which are favorable for the device applications in 2D limit.[31-34] To the best of our 
40 
41 knowledge, most of the recent review articles on 2D BP are mainly focus on the synthesis and 
42 
43 characterization of isolated phosphorene.[16,35,36] Meanwhile, the general overviews of vdWs 
45 
46 heterostructures based on various 2D materials as well as the corresponding applications have 
47 
48 also been published.[2,3,37] However, a review of specific BP based heterostructures and their 
50 
51 device applications has not been given yet although the number of publications on the 
52 
53 combination of phosphorene with various materials is rapidly growing in recent years. As 
54 
55 
56 formation of heterostructures and exploration of potential applications become one of the next 
57 
58 research hotspots of phosphorene, it is advantageous to systematically review the recent 
59 
60 

publications in this area. In this review, we comprehensive summarize the recent efforts and 
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progress in the synthesis and device characterization of stacking of 2D BP nanosheets with 
1 
2 other material systems, in the sequence of graphene, semiconductors and insulators. Some 
3 
4 

strategies in improving the performance of devices based on BP heterostructures and potential 
6 
7 research directions in the future will also be discussed. 
8 
9 2. BP-graphene heterostructures 
11 
12 With tight packing of sp2 bonded carbon atoms in a honeycomb crystal lattice, graphene 
13 
14 exhibits unique properties, including ballistic electrical transport, chemical inertness and high 
15 
16 
17 mechanical stiffness.[38,39] Especially, as a semi-metal with minimal band gap, graphene 
18 
19 presents very high carrier mobility, which makes it a popular component for diverse 2D 
20 
21 

heterostructures. [3] Graphene has already been used as the contact in many 2D devices rather 
23 
24 than the channel.[40-42] This approach is also applicable to BP nanosheets because the BP layer 
25 
26 would strongly bind to the metal electrode surface, which would degrade the performance of 
28 
29 the devices.[43] In this section, the formation of vdW layer-by-layer heterostructures based on 
30 
31 graphene and BP will be introduced. The related electronic devices and energy storage 
33 
34 devices will also be highlighted. 
35 
36 2.1. Electronic aspects 
37 
38 
39 To study the properties and physics of the graphene-phosphorene heterostructure, a theoretical 
40 
41 model has been constructed by the state-of-the-art ab initio simulation.[44] Figure 3a 
42 
43 illustrates the schematic atomic structure of phosphorene on top of graphene, where lattice 
45 
46 structures of both two materials are in the equilibrium state. As properties of phosphorene are 
47 
48 easily influenced by any strain,[45] a hypothesis is raised that the graphene layer is stretched 
50 
51 while the phosphorene lattice is fixed. The obtained strain within graphene is around 1%, 
52 
53 which has no obvious influence on the electronic structure of the heterostructure. 
54 
55 
56 The properties of both phosphorene and graphene are free of influences from the 
57 
58 formation of the heterostructure. As shown in Figure 3b, the projected electronic structure of 
59 
60 

the phosphorene is well preserved due to the weak interaction between graphene and 
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phosphorene. The result confirms that the good properties of each components of the 
1 
2 heterostructure can be well conserved, which is significant for the construction of high quality 
3 
4 

2D heterostructures. Further study also confirms that there is no obvious difference of the 
6 
7 band structure between the stacking of phosphorene-graphene and the pristine phosphorene. 
8 
9 From the perspective of device fabrications, the Schottky barrier height (SBH) is one of the 
11 
12 important parameters determining the performance of the device. The calculated SBH for the 
13 
14 monolayer phosphorene is 0.64 eV. To form an Ohmic-like contact, an external electrical 
15 
16 
17 biases is employed in the vertical direction. As shown in Figure 3c, the band structure of 
18 
19 phosphorene relative to graphene could be tuned by the applied electric field. The result 
20 
21 

indicates that the Schottky barrier of the system behaves like p-type when the external field is 
23 
24 smaller than 1.8 V/nm. Along with the increasing of the electrical field, the Schottky barrier is 
25 
26 possible to switch from p-type to n-type. For the heterostructure based on bi-layer BP and 
28 
29 graphene, the electrical field can even induce an Ohmic contact due to the excess charge 
30 
31 carriers in   the   channel.   Similar   phenomena   has   also   been   observed   in   other   2D 
33 
34 heterostructures.[46] 
35 
36 Experimentally, the contacts and stability of BP FETs can be optimized by constructing a 
37 
38 
39 2D heterostructure, where graphene and h-BN act as the source-drain electrodes and the 
40 
41 encapsulation layer, respectively (Figure 3d).[47] The graphene contacts in the heterostructure 
42 
43 not only reduce the contact resistances due to their unique tunable work function,[48] but also 
45 
46 play a vital role in connecting the protection layer of h-BN and the BP channel. In contrast to 
47 
48 the nonlinear output characteristics of BP FETs with metal electrodes, the graphene-contacted 
50 
51 devices exhibits perfectly linear behavior of Id-Vd. In addition, as shown in Figure 3e, the 
52 
53 mobility of FET based on the BP heterostructure shows relatively weak temperature 
54 
55 
56 dependence because of the scarce of the SBH at the graphene contacts.[47] Moreover, the 
57 
58 performance of the encapsulated FET is almost stable under both vacuum and ambient 
59 
60 

circumstance as shown in Figure 3f. On the other hand, the drain current of the un- 
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55 

encapsulated device is attenuated significantly in air, which leads to a much lower mobility 
1 
2 and switching ratio. Therefore, this heterostructure device can effectively keep the pristine 
3 
4 

electrical properties of ultrathin BP. 
6 
7 Since there is a lone pair electrons at each atom of BP, it enables the charge transport with 
8 
9 the out-of-plane atoms.[49,50] On the basis of this consideration, a vertical FETs (VFETs) has 
11 
12 been designed by fabricating the heterostructure of graphene and few-layer BP nanosheet as 
13 
14 shown in Figure 3g.[51] Thanks to its high conductivity, graphene is employed as the electrode, 
15 
16 
17 which enables the gate modulation in a vertical heterostructure.[52,53] The transport 
18 
19 characterization of the VFET shows a large on current density of 1600 A/cm2 and high off- 
20 
21 

currents as well, which limits the switching ratios of the devices. It is found that the charge 
23 
24 transport properties in the BP VFET are highly influenced by the temperature and the gate 
25 
26 voltages, leading to two different explanations for the mechanism of carrier transport. 
28 
29 According to the Figure 3h, the large drain-source current at high temperature can be 
30 
31 interpreted by the thermionic emission over the Schottky barrier of the heterostructure. In the 
33 
34 meantime, the large currents at low temperature is induced by the tunneling effect. On the 
35 
36 other hand, the on-off ratios of the VFET nearly decrease along with the increasing of the 
37 
38 
39 thickness, which is consistent with the thickness dependent trend of the screening effect 
40 
41 (Figure 3i).[51] Thus, the short channel effect is another reason for the poor gate modulation. 
42 
43 Overall, the characterization of VFETs based on graphene-BP heterostructure confirms the 
45 
46 high out-of-plane conductivity of BP channel, which broaden the potential electronic 
47 
48 applications of few-layer BP. 
50 
51 
52 2.2. Energy storage applications 
53 
54 2D BP not only exhibits attractive electronic and optical properties, but also possess a very 
56 
57 high theoretical specific capacity (~2595 mAh/g) and large interlayer channel size (3.08 Å), 
58 
59 which makes it suitable for the  energy storage applications.[54]  Previous literatures have 
60 
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reported that BP can be used as the anode in the lithium batteries.[55,56] Compared with lithium, 
1 
2 sodium is more suitable for alkali batteries due to the low cost. However, the weak cycling 
3 
4 

property limits the application of phosphorene for sodium batteries.[57] Recently, the 
6 
7 sandwiched heterostructure of BP and graphene has been employed as the anode of the 
8 
9 sodium batteries (Figure 4a).[58] In this design, graphene not only acts as an elastic buffer 
11 
12 layer, which enables the volumetric expansion during the operation of the battery, but also 
13 
14 maintains the heterostructure electrochemically active owing to its high conductivity. At the 
15 
16 
17 same time, phosphorene provides the sodium ions a short distance for diffusion. As shown in 
18 
19 Figure 4b, the heterostructure is synthesized by solution based methods, resulting in the 
20 
21 

alternating phosphorene and graphene nanosheets (Figure 4c,d). As no chemical reaction 
23 
24 happens between graphene and BP, the structure is connected by weak vdWs forces. The 
25 
26 characterization of the electrochemical properties has shown large reversible capacity of the 
28 
29 hybrid structure, which is obtained as 2440 mAh/g at current rate of 50 mA/g based on the 
30 
31 amount of the phosphorene (Figure 4e).[58] This capacity value is as high as 94% of the 
33 
34 theoretical specific capacity of BP (2596 mAh/g). Furthermore, a large capacity retention of 
35 
36 85 % has been obtained at a current rate of 50 mA/g after 100 cycles, indicating good 
37 
38 
39 electrochemical stability of the heterostructure of phosphorene and graphene. 
40 
41 Previous reports have demonstrated that the solution exfoliated few-layer BP can be used to 
42 
43 fabricate all-solid-state supercapacitors with good flexibility, stability and high capacitance of 
45 
46 13.75 F/cm3.[59] However, due to the high instability, the irreversible feature of phosphorene is 
47 
48 the major limitation when directly applying phosphorene for 2D MSCs applications. Recently, 
50 
51 the micro-supercapacitors (MSCs) with high energy density have also been developed by the 
52 
53 stacking of phosphorene and graphene nanosheets, namely as PG-MSCs.[60] The phosphorene 
54 
55 
56 and graphene were fabricated by liquid exfoliation and electrochemically exfoliation 
57 
58 methods,[61] respectively, and then were both filtered by a customized interdigital mask before 
59 
60 

transferring onto the polyethylene terephthalate (PET) substrates (Figure 4f).[60] The 
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characterization of the heterostructure shows good flexibility, uniformity and high electrical 
1 
2 conductivity. The electrochemical characterization has shown that the obtained capacitances 
3 
4 

(both areal and volumetric) of the PG-MSCs are much superior to those of either the pure 
6 
7 graphene or phosphorene based MSCs (Figure 4g). The flexibility and stability of the PG- 
8 
9 MSCs have also been characterized under flatting and bending states each for 1000 cycles.[60] 
11 
12 During the initial 1200 cycles, the volumetric capacitance increases step by step, and then 
13 
14 maintains at a stable value in in the remaining cycles. After 2000 cycles, the capacitance can 
15 
16 
17 even conserve ~89.5% of its maximum value, exhibiting excellent stability and flexibility of 
18 
19 the PG-MSCs. Overall, the ultrathin thickness, high flexibility and good electronic properties 
20 
21 

of the heterostructures of phosphorene and graphene are favorable for 2D high performance 
23 
24 energy storage devices. 
25 
26 3. BP-semiconductors van der Waals vertical heterostructures 
28 
29 Owing to the unique crystal structure, BP possesses several advantages for the electronic 
30 
31 applications in the 2D category, including the direct tunable band gap, large carrier mobility 
33 
34 and the in-plane anisotropic transport features. It is noteworthy that ultrathin BP exhibits p- 
35 
36 type semiconducting property, which is attractive for the energy-efficient nano-devices[62] and 
37 
38 
39 could also be a promising template to form 2D heterojunctions combined with atomically n- 
40 
41 type semiconductors. In this section, the synthesis and device demonstrations of the vdWs 
42 
43 vertical heterostructures based on phosphorene and 2D n-type semiconductors will be 
45 
46 presented. The p-n and multi-layer heterojunctions as well as Esaki diodes will be described 
47 
48 in sequence. 
50 
51 3.1 p-n junctions 
52 
53 The p-n junctions are the basic units for fabricating modern semiconductor devices, such as 
54 
55 
56 photodiodes, light-emitting diodes, solar cells, et al.. The first 2D vdWs heterostructure based 
57 
58 on phosphorene was achieved by exfoliating few-layer BP nanosheets on top of monolayer 
59 
60 

MoS2, which is grown by CVD method (Figure 5a).[31] From the results of electrical 
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characteristics of the heterostructure (Figure 5a), well-defined current rectifying characteristic 
1 
2 is observed, indicating the formation of p-n heterojunction between BP and MoS2. Illuminated 
3 
4 

by a 633 nm laser with power of 1µW, the optoelectronic characteristics of the BP-MoS2 p-n 
6 
7 junction show the maximum responsivity of 418 mA/W, which is about 100 times larger than 
8 
9 that of the few-layer BP based phototransistors. [31,63] Moreover, the photocurrent mapping of 
11 
12 the p-n junction shows that the photocurrent is nearly distributed within the scope of the 
13 
14 heterojunction, which indicates that the photoelectric effect mainly occurs in the junction 
15 
16 
17 region (Figure 45). Besides the visible regime, the heterojunction of BP and MoS2 also 
18 
19 exhibits promising sensitivity in the near-infrared (NIR) band as shown in Figure 5c. The 
20 
21 

photoresponsivity of 1.55 µm incident laser with 1 nW intensity is as high as 153.4 mA/W, 
23 
24 which is much larger than that of photodetectors developed by sole BP nanosheets.[64] The 
25 
26 outstanding optoelectronic performance of BP-MoS2  makes the heterojunction as a potential 
28 
29 choice for the photodetection devices, especially in the NIR region. 
30 
31 Differing from BP-MoS2, the carrier types (p-n, p-p or n-n) of heterojunction of BP-WSe2 

33 
34 can be tuned by the gate modulation, originating from the ambipolar behavior of both two 
35 
36 materials.[65,66] By switching the transport types of BP-WSe2, current rectifying characteristics 
37 
38 
39 and photovoitaic properties of the device can be extensively modified, providing new 
40 
41 opportunities to develop novel electronic and optoelectronic applications. Based on such 
42 
43 

consideration, the BP-WSe2 heterostructure based logic rectifiers and logic optoelectronic 
45 
46 devices have been demonstrated.[65] As shown in Figure 5d, the logic rectifier based on BP- 
47 
48 WSe2 heterojunction can precisely switch between distinct rectifying states by exerting 
50 
51 external gate biases, revealing good switching behavior of the device. Moreover, the device 
52 
53 exhibits good photovoltaic property with EQE of 23 % when it behaves like a p-n diode. On 
54 
55 
56 the other hand, the photovoltaic effect is almost negligible when it behaves like p-p or n-n 
57 
58 types of heterojunctions. Based on this feature, the logic optoelectronic devices based on BP- 
59 
60 

WSe2 have been developed to convert photon to an electric signal by applying external 
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biases.[65] The device also exhibits large photoresponsivity of 7×108 V/W for incident light of 
1 
2 0.4 nW. 
3 
4 

Because of the atomically thin thickness, the band alignment at the interface of 2D 
6 
7 heterostructures can be effectively tuned by the adsorption of gas molecules, which enables 
8 
9 the system to be developed as chemical sensing devices.[67,68] Previous report has shown that 
11 
12 FETs based on multilayer BP can work as a chemical sensor of nitrogen dioxide (NO2) due to 
13 
14 the immediate increase in conductivity of the device upon exposure of NO2.[69] Recently, a 
15 
16 
17 chemical sensor made of the vdWs heterostructure of BP and MoSe2 has shown extremely 
18 
19 low detection limit and much higher chemical sensitivity to NO2 compared with the BP- 
20 
21 

MoSe2 based sensors constructed on the same chip.[70] The surface potential of the device was 
23 
24 characterized by the Kelvin probe force microscopy (KPFM), exhibiting almost identical 
25 
26 images for the region before and after exposure to NO2, which testifies good recovery 
28 
29 property of the chemical sensor (Figure 5e). The significant enhancement of the gas 
30 
31 sensitivity is mainly ascribed to the modulation of SBH in MoSe2 layer. 
33 
34 Apart from the TMDs, 2D BP could also form p-n junctions with the CVD grown n-type 
35 
36 ZnO nanowires (Figure 5f).[33] Such unique 2D-1D heterostructure based device exhibits good 
37 
38 

static rectifying characteristics with large switching ratio of ~104 as well as a kHz dynamic 
40 
41 rectifying behavior. In addition, the heterostructure was fabricated into junction field effect 
42 
43 transistors (JFETs), where ZnO nanowire and BP nanosheets act as the channel and gate, 
45 
46 respectively. The demonstration of the resistive-load inverter based on the JFETs of BP-ZnO 
47 
48 shows clearly observable kHz switching dynamics, which owes to the vdWs interactions 
50 
51 between few-layer BP nanosheets and ZnO nanowires. This work opens a new path for 
52 
53 exploring novel heterostructures based on mixed-dimensional materials. 
54 
55 
56 
57 
58 
59 
60 
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3.2 Multilayered heterojunctions 
1 
2 Bipolar junction transistors 
3 
4 

The bipolar junction transistors (BJT) is a type of transistors which employs both holes and 
6 
7 electrons as the transport carriers. Because of its additional internal gain, BJT is commonly 
8 
9 applied to amplify the weak current. In a BJT based phototransistor, the photocurrent 
11 
12 generated by internal photodiode is subsequently amplified by the inherent transistor, 
13 
14 resulting in good performance in all aspects, including bandwidth, magnification and 
15 
16 
17 photoresponsivity.[71] The bipolar phototransistors based on 2D materials have been designed 
18 
19 by vdWs stacking WSe2, BP and MoS2 nanosheets (Figure 6a).[72] In the heterostructure, few- 
20 
21 

layer BP acts as the base terminal owing to its high mobility and broadband photoresponse. 
23 
24 WSe2 plays the role of collector, forming a photodiode with BP, which converts the incident 
25 
26 light signal to photocurrent. MoS2 nanosheets is utilized as emitter, which outputs a large 
28 
29 number of electrons for amplifying the signal. The interface of BP-MoS2 can block the hole 
30 
31 transport and   control   the   injection   behavior   of   electrons.   Based   on   this   tri-layer 
33 
34 heterostructure, a proof-of-concept phototransistor is developed, exhibiting a wide range 
35 
36 photoresponse from visible to infrared. The responsivities for the incident light of 1550 nm 
37 
38 
39 and 532 nm attain 1.12 and 6.32 A/W, respectively (Figure 6b), which are both much larger 
40 
41 than the photodiode based on BP-WSe2. On the other hand, the relationship between the 
42 
43 photocurrent gain and the width of the base region is shown in Figure 6c, revealing that the 
45 
46 amplification coefficient decreases along with the accretion of the base width. The experiment 
47 
48 results are in consistent with the theoretical model, implying the mechanism of the 
50 
51 amplification process, which is the weakening of the influence from contact resistance when 
52 
53 the device performance is enhanced. 
54 
55 
56 Floating-gate field-effect transistors 
57 
58 Differing from the conventional FETs with only one gate to control the current switching, a 
59 
60 

floating-gate field-effect transistor (FGFET) has an extra gate between the channel and the 
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original gate. The additional gate could retain the charge carriers when the power is off, 
1 
2 making the FGFETs applicable for nonvolatile memory applications. In the previous studies, 
3 
4 

2D heterostructures of MoS2/graphene and graphene/h-BN/MoS2 have been developed into 
6 
7 FGFETs.[73,74] However, zero band gap of graphene limits the performance of the device. In 
8 
9 order to optimize the nonvolatile ambipolar memories, the heterostructure of BP/h-BN/MoS2 

11 
12 has been developed for the FGFETs, where the few-layer BP nanosheets act as the transport 
13 
14 channels (Figure 6d).[75] The h-BN and MoS2 play the role of tunneling barrier layer and the 
15 
16 
17 floating gate, respectively. The FGFETs exhibit a large memory window of around 70 V, 
18 
19 which is tunable by modulating the maximum control gate biases (Figure 6e). Owing to the 
20 
21 

ambipolar electronic properties of phosphorene, the charge carriers can be accommodated in 
23 
24 the MoS2 trapping layer, enabling the BP/h-BN/MoS2 heterostructure to be developed for high 
25 
26 performance logic circuits and memory devices (Figure 6f). The devices exhibits a large type 
28 
29 switching ratio of ~102 and a pretty good variation of output characteristics from 0.77 to 0.45 
30 
31 V, which thanks to the outstanding electrical properties of 2D BP. 
33 
34 3.3 Negative differential resistance devices 
35 
36 Negative resistance is an unusual electronic property, which describes that the current 
37 
38 
39 would decrease when increasing the applied bias in particular circuits. Based on this property, 
40 
41 the negative differential resistance (NDR) devices are designed and show folded I-V 
42 
43 characteristics, which is promising for the multi-valued logic applications.[76,77] Along with 
45 
46 the fast expanding of 2D research, NDR devices have been developed based on the 2D 
47 
48 heterostructures with high quality interfaces.[78-80] Among these devices, the Esaki diodes, 
50 
51 also called tunnel diode, which exhibit a broken band gap induced by the heavy doping, has 
52 
53 been developed by the vdWs stacking of 2D BP/SnSe2 nanosheets.[79] As shown in Figure 7a, 
54 
55 
56 an ultrathin amorphous layer is observed at the interface between BP and SnSe2, resulting in a 
57 
58 well-defined p-i-n junction in the device. The I-V characteristics of the device at 80 and 300 K 
59 
60 

all exhibit the typical N-shaped curve of NDR under the positive drain biases (Figure 7b). The 
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peak to valley current ratio (PVCR) of the forward-bias output characteristics is 2.8 at 80 K 
1 
2 and 1.8 at 300 K, respectively. The performance of the device also shows weak dependence 
3 
4 

on the temperature, indicating that mechanism of the electron transport is mainly induced by 
6 
7 the tunneling effect. In addition, the characterization of photoresponse of the device confirms 
8 
9 the broken band gap alignment of the junction (Figure 7c). Taking the observed Esaki diode 
11 
12 behavior into account, the formation of type III heterostructure is confirmed. 
13 
14 The main drawback of the Esaki diode based on BP/SnSe2 heterostructure is the low 
15 
16 
17 PVCR values when   comparing   with other 2D heterostructures.[76,78] Recently, the 
18 
19 heterostructure of BP/ReS2 has been fabricated into NDR device, exhibiting higher PVCR 
20 
21 

values of 4.2 and 6.9 at room temperature and 180 K, respectively.[80] As illustrated in Figure 
23 
24 7d, the result of KPFM measurement shows that there is no overlap region for the band gaps 
25 
26 of BP and ReS2, indicating the formation of the broken-gap band alignment of the 
28 
29 heterojunction. To explore the mechanism of the carrier transport, the temperature dependent 
30 
31 of the device performance has been characterized. The valley current increases along with the 
33 
34 temperature because it is dominated by the diffusion current. On the other hand, the peak 
35 
36 current is controlled by the tunneling current, which reduces when the temperature increases. 
37 
38 
39 Therefore, the obtained overall PVCR values decrease from 6.8 to 4.02 when the temperature 
40 
41 varies from 180 K to 300 K as shown in Figure 7e. Furthermore, a ternary inverter has also 
42 
43 

been developed based on the BP/ReS2 NDR device and an inherent BP transistor.[80] The 
45 
46 output characteristics of the ternary inverter present that the output signals exhibit three 
47 
48 different values when the input voltage increases from 5 to 25 V (Figure 7f). The 
50 
51 development of NDR devices based on BP heterostructures builds the basis for the future 
52 
53 multi-valued logic devices. 
54 
55 
56 4. BP-insulator heterostructures 
57 
58 The insulating materials integrating with ultrathin BP nanosheets will not only serve as a 
59 
60 

dielectric layer, but also protect the BP layer from degradation in ambient.[81-83] In this section, 
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the investigations on the heterostructures of phosphorene and insulators, including the 2D h- 
1 
2 BN nanosheets and complex oxides, will be reviewed. The corresponding physics and device 
3 
4 

applications will be highlighted. 
6 
7 4.1 Quantum oscillations in BP/h-BN 
8 
9 The mobility of BP FETs has been largely improved by inserting an h-BN nanosheet between 
11 
12 BP and substrates, which enables the observation of the quantum oscillations.[84,85] Figure 8a 
13 
14 shows the resistances as a function of magnetic field under different gate biases, exhibiting 
15 
16 
17 the notable Shubnikov-de Haas (SdH) oscillations for both holes and electrons. As evidenced 
18 
19 from the constant period of the SdH oscillation, the 2D transportation feature of the charge 
20 
21 

carriers is confirmed. Figure 8b illustrates the dependence of the oscillations on the magnetic 
23 
24 fields and temperatures. From the resultant curves, several important information can be 
25 
26 calculated, such as carrier lifetime, cyclotron mass and Zeeman splitting. In particular, the 
28 
29 obtained cyclotron mass of charge carriers of BP/h-BN are much larger than that of bulk 
30 
31 materials.[84] 
33 
34 As BP  is very unstable, an encapsulation layer of h-BN will  effectively improve the 
35 
36 performance of FETs based on phosphorene.[86,87] Therefore, a heterostructure of sandwiched 
37 
38 
39 BP with h-BN layers has been designed and possesses clean and uniform interfaces, 
40 
41 exhibiting a large field-effect mobility of ~1350 cm2V-1s-1 and switching ratio not lower than 
42 
43 105 at room temperature.[85] At 1.7 K, the mobility can even attain up to ~2700 cm2V-1s-1, 
45 
46 allowing the observation of quantum oscillations in phosphorene under the magnetic fields of 
47 
48 over 6 T. In addition, the anisotropic property of phosphorene will also influence the SdH 
50 
51 oscillation of the h-BN/BP/h-BN heterostructure. The device along the X- and Y-directions 
52 
53 exhibits distinct conductivity at both room temperature and cryogenic temperature (Figure 8c). 
54 
55 
56 The quantum oscillation can be observed along the X-direction, while the oscillation is not 
57 
58 obvious under a moderate magnetic field along the Y-direction. 
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The electronic properties of the above BP  heterostructures are mainly limited by the 
1 
2 impurities and defects at the interface between BP and h-BN nanosheets. To address the 
3 
4 

shortcoming, the heterostructure of h-BN/BP/h-BN has been constructed on a graphite back 
6 
7 gate as shown in Figure 8d.[88] Due to the function of the bottom h-BN layer, the electrons in 
8 
9 the graphite substrate can screen the potential from the impurities at the interface between BP 
11 
12 and top h-BN layer.[89,90] The device exhibits ultrahigh Hall mobility up to 6000 cm2V-1s-1, 
13 
14 which allows the observation of quantum Hall effect (QHE). As shown in Figure 8e, the well- 
15 
16 
17 defined quantized plateaus behavior of Hall resistance Rxy can be observed when the Rxx is 
18 
19 vanished at the same magnetic field, which is the typical appearance of the QHE. The 
20 
21 

observation of QHE in BP heterostructure helps to obtain the information of Landau levels in 
23 
24 BP. Recently, the quality of the heterostructure of h-BN/BP/h-BN has been further optimized 
25 
26 by fabricating the structure in vacuum conditions (P = 10-3 Torr), which can effectively 
28 
29 reduce the impurities from the interfaces by weaken the surface adsorption ability of the 
30 
31 materials.[87] At temperature of 2 K, the field-effect mobility can reach up to 45000 cm2V-1s-1, 
33 
34 which is much larger than those from the earlier reports. Meanwhile, the SdH oscillation and 
35 
36 QHE effect with Landau level filling factors down to v=2 are observed as well. Furthermore, 
37 
38 
39 the quantum scattering times are nearly independent of bot the gate biases and temperature as 
40 
41 shown in Figure 8f and g. Thus, the spin-selective scattering is observed from the behaviors of 
42 
43 charge carriers in h-BN/BP/h-BN heterostructure. 
45 
46 H-BN has been proved to be a one of the promising encapsulation layers to preserve the 
47 
48 main properties of the phosphorene. At the same time, h-BN layers can also be employed to 
50 
51 counteract the variation of band gap in stacked BP. Besides the applications in quantum 
52 
53 physics, the recent publications have demonstrated that the heterostructures of BP and h-BN 
54 
55 
56 can also be used in tunneling field-effect transistors (TFETs), THz nanodetectors and batteries, 
57 
58 exhibiting enhanced performance or unique properties.[83,91,92] 



61 
62 
63 
64 
65 

16 

 

 

5 

10 

22 

27 

32 

44 

49 

4.2 Switchable optical devices based on BP-oxides 
1 
2 In addition to h-BN nanosheets, the ultrathin conventional dielectric oxides, such as SiO2 or 
3 
4 

Al2O3, can be applied to package the sensitive BP nanosheets as well as improving the 
6 
7 performance of the corresponding devices.[93-95] Recently, a heterostructure of phosphorene 
8 
9 sandwiched between two SiO2 films has been designed  and shown arresting stability in 
11 
12 ambient for months (Figure 9a).[96] The heterostructure has been characterized by a 
13 
14 scattering-type scanning near-field optical microscopy (s-SNOM) equipped with ultrafast 
15 
16 
17 near-infrared pump/mid-infrared  probe,  measureing the switchable interface polaritons  in 
18 
19 SiO2/BP/SiO2 heterostructure. Induced by the THz excitation, the density of photocarriers in 
20 
21 

BP layer allows the plasmon frequency of BP entering the Reststrahlen band of SiO2, which 
23 
24 makes the polariton modes of BP hybridizing with those of SiO2. The fringes and 
25 
26 corresponding FFT pattern of polariton modes of the heterostructure is presented in Figure 9b 
28 
29 and c, respectively. The momentum and frequency of the polariton are consistent well with 
30 
31 the theoretical calculation. In addition, as the density of photo carriers is controlled by the 
33 
34 frequency of excitation, the phonon-plasma-polariton mode of SiO2/BP/SiO2 is switchable. As 
35 
36 presented in Figure 9d, the fringes of polarions can be clearly observed within the first 5 ps 
37 
38 
39 and the fringe separations are nearly independent to the probe delay time. The excellent 
40 
41 switching behavior renders SiO2/BP/SiO2 heterostructure the potential candidate for high 
42 
43 performance ultrafast nano-photonic devices. 
45 
46 Besides the dielectric oxides, the combination of functional 2D materials with transition- 
47 
48 metal oxides, which usually exhibit semiconductive and ferroelectric properties, may also lead 
50 
51 to unexpected properties.[97-100] Among the transition metal oxides family, strontium titanate 
52 
53 (STO) is one of the most widely studied candidates, which has been proved to be an excellent 
54 
55 
56 substrate for growth of functional thin films.[101-103] In contrast to SiO2, STO substrate could 
57 
58 affect the performance of devices owing to the strong interaction at the interface. Recently, 
59 
60 

the heterostructure based on BP and STO has been designed and show remarkable 
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optoelectronic properties.[34] Figure 9e illustrates the photoresponse of BP/STO under the 
1 
2 illumination of both red and UV light alternately. Upon the excitation light is in on and off 
3 
4 

states in turn, the generated photocurrent exhibits increasing and decreasing trends, 
6 
7 respectively, revealing good photoresponse and wonderful reliability of the device. The 
8 
9 obtained photoresponsivity of the BP/STO based photoconductive switch is over 105 A/W, 
11 
12 which is about 105 times larger than that of phototransistors fabricated by few-layer BP.[104] 
13 
14 Furthermore, the photocurrent is not declined after the light is off for more than 4 h, 
15 
16 
17 exhibiting the persistent photocurrent property (Figure 9f). The excellent performance of the 
18 
19 device is related to the generation and recombination of electron-hole pair, which is induced 
20 
21 

by the defects and optical absorption of STO. To further study the light tunable effect on the 
23 
24 persistent feature of photocurrent, the temperature dependence of the photoresponse is 
25 
26 measured from as low as 50 K to room temperature (Figure 9g). The fitted curves of time 
28 
29 constant versus temperature are consistent with the theoretical calculated charge transfer 
30 
31 behavior under illumination, confirming that the optical gating effect is the main reason for 
33 
34 the performance of device. 
35 
36 
37 5. Conclusions and outlook 
39 
40 The immerse studies on phosphorene have ignited great interests to investigate the 
41 
42 characteristics and potential applications of the material. The free of dangling bonds and 
43 
44 
45 vdWs interlayer forces make BP suitable forming heterostructures with other 2D materials or 
46 
47 ultrathin oxides. Moreover, the good electronic properties, in-plane anisotropy feature and 
48 
49 

tunable band gaps in a wide range enable 2D BP to create many fit-for-purpose 
51 
52 heterostructures, which can give rise to a wide array of ultrathin electronic and optoelectronic 
53 
54 devices. To the best of our knowledge, this is the first review on the BP vdWs 
56 
57 heterostructures for the device perspective. In this review, we categorize the recent progress 
58 
59 from the types of heterojunctions, which illustrates in the sequence of BP/graphene 
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(semimetal), BP/semiconductors and BP/insulators. Particularly, the stacking of ultrathin 2D 
1 
2 films on top of BP would not only protect the phosphorene from the degradation in ambient, 
3 
4 

but also exhibit some unprecedented features through the band gap engineering or interlayer 
6 
7 interactions. As summarized in Table 1, a variety of applications have been developed by the 
8 
9 BP heterostructures, covering the FETs, energy storage, sensors and optoelectronics aspects, 
11 
12 which exhibit attractive performance with the potential to complement the modern 
13 
14 semiconductor technologies. 
15 
16 
17 So far, the design and device demonstration of BP based heterostructure have just come 
18 
19 into the starting stage. Despite the amazing potential and considerable progress, some 
20 
21 

challenges and opportunities to turn these proof-of-concept devices into practical applications 
23 
24 exist as follows: 
25 
26 1. To integrate BP based heterostructures into practical devices, the scalable fabrication of 2D 
28 
29 layered BP nanosheets is a crucial challenge due to the extreme instability of phosphorene.[105] 
30 
31 So far, the primary method for large area growth of 2D materials is CVD. However, it is 
33 
34 suitable to produce phosphorene by CVD because of the highly chemical sensitive surface of 
35 
36 BP. Recently, our recent study has shown that an amorphous BP film with wafer-scale can be 
37 
38 

fabricated at low temperature by pulsed laser deposition (PLD).[62,106] The technique 
40 
41 employed in our work is a typical physical growth method,[107,108] which is beneficial for 
42 
43 synthesizing BP film. However, the crystalline of the film is poor and the performance is 
45 
46 much degraded comparing with the exfoliated BP nanosheets. Therefore, it is necessary to 
47 
48 develop a rational and scalable method for the growth of phosphorene and its heterostructures 
50 
51 with precisely preserving the properties of each materials. 
52 
53 2. Although extensive efforts have been employed on the investigation of devices based on 
54 
55 
56 BP vdWs heterostructures, many fundamental issues of the system are still unclear, which 
57 
58 may strongly affect the performance of devices. For instance, although the strain related 
59 
60 

properties of BP flakes have been studied by Raman spectroscopy most recently,[109] the 
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influence of strain as well as impurities at the interface on the  properties of BP based 
1 
2 heterostructures should be further explored. Moreover, the mechanism of transportation of 
3 
4 

charge carriers at the interface needs to be clarified as well. 
6 
7 3. It has been confirmed that well-defined p-n junctions could be formed between BP and 
8 
9 typical 2D n-type semiconductors. Thus, it is reliable to develop more kinds of devices based 
11 
12 on the heterojunction, such as solar cells, light-emitting diodes and Zener diodes. So far, the 
13 
14 theoretical calculations on the excitonic solar cells based on heterostructures of BP and TMDs 
15 
16 
17 have been presented.[110] The solar cell models based on stacking of BP with ZrS2 
18 

or MoTe2 

19 result in large power conversion efficiency as high as 12 %, which still need to be confirmed 
20 
21 

in the way of experiment. 
23 
24 The diverse heterostructures based on BP starts a new research field and devices fabricated 
25 
26 by the system are expected to be the building blocks for novel applications with desired 
28 
29 properties. In is foreseen that the further progress in the synthesis and device demonstration of 
30 
31 BP based heterostructures would potentially lead to real devices in the future. 
33 
34 
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29 Figure 1. a) The top view and cross-section view of atomic structure of phosphorene. b) 
30 Summary of band gap values for common 2D layered materials. c) Comparison of surface 
31 morphology between bare BP and AlOx/BP. Reproduced with permission.[26] Copyright 2014, 
32 American Chemical Society. d) Output characteristics for both the passivated and exposed 
34 channels of BP FETs. The inset exhibits the conductance at different gate biases. Reproduced 
35 with permission.[28] Copyright 2015, Nature Publishing Group. 
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32 Figure 3. Schematic and performance of electronic devices based on BP-graphene 
33 heterostructures. a) Atomic structure of BP-graphene stacks. b) Band structure of phosphorene 
34 on top of graphene projected at the phosphorene layer. c) The relationship between evolution 
35 of the band edges of phosphorene and the external field relative to the graphene Dirac point. 
37 Reproduced with permission.[44] Copyright 2015, American Physical Society. d) Schematic of 
38 stacking of BP, h-BN and graphene. e) The field-effect mobility as a function of temperature. 
39 f) The drain current as a function of top gate biases for both vacuum and ambient environment. 
40 The inset shows the transfer curves of the non-protected device for comparison. Reproduced 
42 with permission.[47] Copyright 2015, American Chemical Society. g) Schematic of VFET 
43 based on BP-graphene. h) Drain current as a function of temperature under different gate 
44 biases. i) Thickness dependent BP-VFET switching ratio at a Vds of 0.02 V. Reproduced with 
45 permission.[51] Copyright 2016, American Chemical Society. 
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28 Figure 4. Energy storage devices based on BP-graphene. a) Schematic of the phosphorene- 
30 graphene heterostructure. b) Photographs of dispersions of graphene, phosphorene and the 
31 heterostructures, respectively. c) TEM image of the phosphorene-graphene system (Scale bar, 
32 2 µm) and cross-sectional TEM image of the sandwiched heterostructure (Scale bar, 2 nm). d) 
33 The 1st, 2nd and 50th rounds of discharge-charge curves of sodium-ion batteries with 
35 phosphorene-graphene anodes. e) The specific capacity and Columbic efficiency of 
36 phosphorene-graphene anodes as a function of cycle number under different currents. 
37 Reproduced with permission.[58] Copyright 2015, Nature Publishing Group. f) Schematic of 
38 the phosphorene-graphene micro-supercapacitor. g) The galvanostatic charging and 
39 discharging characteristics of both PG-MSCs and G-MSCs. h) Volumetric capacitances of 
41 PG-MSCs as a function of cycle number, where the device is under flat and bending state 
42 each for 1000 cycles. Reproduced with permission.[60] Copyright 2017, American Chemical 
43 Society. 
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22 Figure 5. Device applications based on heterostructures of BP-semiconductors. a) The top 
23 image shows the cross-section view of BP-MoS2 based device. The bottom figure shows the 
24 transfer curve of the p-n junction. The inset figures exhibit output characteristics and gate 
25 voltage dependent rectification ratio of the device, respectively. b) Photocurrent mapping of 
27 BP-MoS2 device. The white dashed lines reveal the region of the p-n junction. Reproduced 
28 with permission.[31] Copyright 2014, American Chemical Society. c) The photocurrents and 
29 photoresponsivity of the device as a function of incident power intensities. Reproduced with 
30 permission.[64] Copyright 2016, American Chemical Society. d) Switching behavior of the 
31 circuit by applying different Vg with an input voltage of +1 and -1V. Reproduced with 
33 permission.[65] Copyright 2017, Wiley-VCH. e) KPFM results of BP/MoSe2 in the initial state 
34 (top), after NO2 doping (middle) and recovery (bottom). Scale bar is 1µm. Reproduced with 
35 permission.[70] Copyright 2016, IOP Publishing Ltd. f) Schematic of device based on BP-ZnO 
36 heterojunction. Reproduced with permission.[33] Copyright 2016, American Chemical Society. 
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20 Figure 6. The electronic devices based on multilayered BP heterojunctions. a) Schematic of 
21 bipolar junction transistors based on WSe2/BP/MoS2. b) Photogain and responsivity of the 
22 heterostructure device as a function of illumination wavelength. c) Photocurrent gain of 
24 phototransistor based on WSe2/BP/MoS2 as a function of length of the base region. 
25 Reproduced with permission.[72] Copyright 2017, American Chemical Society. d) Schematic 
26 of FGFET based on BP/h-BN/MoS2. e) The memory window width as a function of Vcg.max. f) 
27 Vout-Vin curves of both p-type mode and n-type mode of the reconfigurable inverter fabricated 
28 by BP/h-BN/MoS2. The inset shows the schematic circuits of p-type mode and n-type mode, 
30 respectively. Reproduced with permission.[75] Copyright 2015, Wiley-VCH. 
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26 Figure 7. The characterization of negative differential resistance devices based on BP 
27 heterostructures. a) Cross-sectional TEM images and EELS mapping of the BP-SnSe2 

29 heterostructure. The scale bar is 2 nm. b) Id-Vd characteristic measured at temperatures of 300 
30 K and 80 K, respectively. The inset image shows the circuit of the NDR device. c) Id-Vd 

31 characteristics obtained under different laser power. The inset schematic shows the band 
32 structure of BP-SnSe2 under illumination. Reproduced with permission.[79] Copyright 2015, 
33 American Chemical Society. d) Work functions of both  BP and ReS2. The inset image 
35 presents the setup of KPFM for characterizing BP/ReS2. e) Temperature dependent peak-to- 
36 valley ratio of the NDR device based on BP/ReS2. f) Output voltage of the ternary inverter as 
37 a function of input voltage. The inset table summarizes the relationship between input and 
38 output signals. Reproduced with permission.[80] Copyright 2016, Nature Publishing Group. 
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31 Figure 8. Quantum oscillations in BP/h-BN heterostructures. a) The longitudinal resistance 
32 plotted as a function of magnetic field under both different negative and positive gate biases, 
33 respectively. b) The longitudinal resistance as a function of 1/B characterized under different 
34 temperatures. The gate voltage is fixed at -80 V. The inset shows the Fourier transform of the 
35 curve. Reproduced with permission.[84] Copyright 2015, Nature Publishing Group. c) The 
37 conductivity of both x- and y- directions of BN-BP-BN heterostructure as a function of gate 
38 biases, measured at both 1.7 K and 300 K, respectively. The inset optical images exhibit the 
39 setups of the devices measured at different directions. Reproduced with permission.[85] 
40 Copyright 2015, Nature Publishing Group. d) Schematic of stacking of h-BN/BP/h-BN on 
41 graphite/SiO2/Si substrate. e) Rxy and Rxx as a function of the magnetic field measured at 
43 different levels of hole doping. The QH effect is clearly observed with more than three well- 
44 quantized plateaus. Reproduced with permission.[88] Copyright 2016, Nature Publishing 
45 Group. f) The scattering times for both spin-down and spin-up carriers as a function of gate 
46 voltages. g) The scattering times for both spin-down and spin-up carriers as a function of 

temperatures. Reproduced with permission.[87] Copyright 2016, American Chemical Society. 
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23 
24 
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26 
27 
28 
29 
30 
31 
32 
33 
34 
35 Figure 9. Switchable optical devices based on BP-oxides heterostructures. a) Schematic of 
36 the measurement setup with the near-field microscopy system. The bottom shows the optical 
38 image of the heterostructure based on phosphorene and SiO2. b) Hyperspectral mapping of the 
39 hybrid mode in SiO2/BP/SiO2 heterostructure. c) The Fourier transformation of the 
40 hyperspectral map in b). d) Scattered near-field intensity snapshot images of SiO2/BP/SiO2 as 
41 a function of delay time between pump and probe pulses. The scale bar is 1 µm. Reproduced 
42 with permission.[96] Copyright 2016,  Nature Publishing Group. e) The photocurrent as a 
44 function of illumination time, where both UV and red lights are switched on and off 
45 alternatively. f) The photocurrents as a function of decay time at both on and off states, 
46 respectively. Inset image shows the schematic of BP/STO based heterostructure. g) Time 
47 constants for processes under different illumination as a function of temperature. Reproduced 

with permission.[34] Copyright 2016, Wiley-VCH. 
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Table 1. Summary of BP heterostructures and applications 
1 
2 Heterojunction 
3 type 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

Layer 
structure 

Application Device performance Ref 

Semiconductor- 
Semi-metal BP/Graphene FETs µFE = 63 cm2/V.s 

on/off ratio = 102 
[47] 

  
BP/Graphene 

 
V-FETs 

On current density = 1600 
A/cm2 

on/off ratio = 800 

 
[51] 

 
BP/Graphene Sodium batteries Specific capacity = 2440 

mAh/g 

 
[58] 

  
BP/Graphene 

 
Micro- 

supercapacitors 

Volumetric capacitance = 
37.0 F/cm3 

Energy density = 11.6 
mWh/cm3 

 
 

[60] 

p-n junction BP/MoS2 Phototransistors Responsivity = 418 
mA/W 

[31] 

 
BP/MoS2 

NIR- 
phototransistors 

Responsivity = 153.4 
mA/W 

 
[64] 

 
BP/WSe2 Logic rectifiers EQE = 23 % [65] 

 
BP/MoSe2 Chemical sensors Response to 25 ppb NO2 

= 10.5 % 
[70] 

 
BP/ZnO J-FETs On/off ratio = 104 [33] 

 
BP/SnSe2 Esaki diodes PVCR = 1.8 at 300 K [79] 

 
BP/ReS2 NDR device PVCR = 4.2 at 300 K [80] 

 
n-p-n junction 

 
WSe2/BP/MoS2 

 
Bipolar junction 

transistors 

Photoresponsivity (532 
nm) = 6.32 A/W 

Photoresponsivity (1550 
nm) = 1.12 A/W 

 
 

[72] 

p-i-n junction BP/h-BN/MoS2 Floating-gate FETs µFE = 430 cm2/V.s 
Memory on/off ratio = 100 

[75] 

Semiconductor- 
insulator BP/h-BN FETs µFE = 45000 cm2/V.s at 2 K [87] 

  
h-BN/BP/h-BN 

 
THz nanodetectors 

Responsivity = 1.7 V/W 
at 295 GHz 

Responsivity = 0.2 V/W 
at 593 GHz 

 
 

[91] 

BP/STO Photoconductive 
switch Responsivity = 105 A/W [34] 

 




