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Abstract

:

Harvesting energy through light radiation is an attractive solution for powering wireless devices in the future. In particular, self-driven optoelectronic devices are especially attractive for low-energy devices on the Internet of Things. Two-dimensional (2D) materials at atomic scale thicknesses are very attractive for future self-powered optoelectronic devices due to not only their unique electronic and optical properties, but also the feasibility to fabricate desirable heterostructures, which differ from their bulk counterparts and conventional optoelectronic materials. In this review, we mainly summarized the mechanism and performance of self-powered optoelectronic devices based on 2D materials. The figure of merit and mechanism of self-driving optoelectronic devices including the interface-junction effect, bulk photovoltaic effect, and photothermoelectric effect are discussed in detail. In addition, the recent progress on the performance of self-powered optoelectronic devices based on 2D materials is compared, followed by the perspective of this field. This review is aimed to give a generalized knowledge of 2D self-powered optoelectronic devices, and thus prompt the exploration and development of novel functional devices based on 2D materials.
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1. Introduction


The Internet of Things (IoT) is a representative technical achievement of the fourth industrial revolution. Combined with radio frequency identification technology and cloud supercomputing technology, it ultimately realizes the direct information interaction between things and people. In the face of today’s vast scale of IoT devices, sustainable energy supply has become a more challenging problem [1,2]. From the perspective of sustainable development, it is essential to make full use of the environmental characteristics of IoT devices and to develop new types of energy materials that can absorb environmental energy to continuously supply electricity [3,4,5]. In the last decades, many bulk semiconductors and their heterostructures have been reported for self–powered optoelectronic devices, such as ZnO [6,7], TiO2 [8], SnO2 [9], and so on. However, the drawbacks of the devices based on these materials include less flexibility and tunability, which limit further applications in the field of self–powered optoelectronic devices.



Compared with conventional bulk materials [10,11], two–dimensional (2D) materials have shown many advantages in the field of self–powered optoelectronic devices in recent years [12,13,14]. The concept of 2D materials was first introduced in 2004 when single layer graphene was successfully isolated from bulk graphite through mechanical exfoliation [15]. Nowadays, various other 2D layered nanomaterials akin to graphene have been investigated including monolithic 2D materials such as black phosphorus (BP) [16,17], hexagonal boron nitride (h–BN) [18,19], and transition metal chalcogenides (TMDs) [20,21,22,23,24,25,26]. This diverse array of 2D materials offers extensive options for material selection ranging from zero–bandgap metals to large–bandgap insulators with tunable bandgaps spanning from infrared to ultraviolet wavelengths. Due to the quantum size effect, the electronic band structures of 2D materials are very different from their parent compounds, which can lead to an indirect–to–direct bandgap transition as a function of thickness [27]. In this case, the light absorption capability of two–dimensional layered materials may surpass that of bulk materials [28]. Additionally, layers of 2D materials can be stacked together to form heterostructures without considering lattice mismatch between the layers [29,30,31,32,33,34,35,36,37,38]. Therefore, the built–in potential at the interface can become significantly large by stacking desirable materials, which is a key parameter in realizing self–powered optoelectronic devices based on 2D heterostructures.



Significant efforts have been devoted to the exploration and realization of applications for two–dimensional materials in photovoltaic conversion and photodetection [39,40,41,42,43,44,45,46]. Here, we summarize the recent progress on self–powered optoelectronic devices based on 2D materials over the past few years. In this review, we first briefly introduce several key parameters used to determine device performance in the field of optoelectronic devices. Then, we discuss in detail the three main photoelectric conversion mechanisms of self–driven optoelectronic devices, which include the interface–junction effect, the bulk photovoltaic effect, and the photothermoelectric effect. The correlations between these effects are that the interface–junction effect primarily arises from the band alignment between the two adjacent materials, whereas the other two effects stem from the intrinsic properties of the individual 2D materials. In addition, the performance of self–powered optoelectronic devices based on these mechanisms is compared afterward. Finally, we discuss the challenges of self–powered optoelectronic devices and provide perspectives based on 2D materials. Figure 1 summarizes the self–powered optoelectronic devices based on 2D materials in this review. This review of recent advances and perspectives on 2D optoelectronic devices offers new insights into the exploration of new physical properties and aids in the design of novel devices with multi–functionalities and high performance based on 2D materials.




2. Figures of Merit in Optoelectronic Devices


The key figures of merit used to characterize the performance of optoelectronic devices include the switching ratio, responsivity, response time, open–circuit voltage, short–circuit current, fill factor, photovoltaic conversion efficiency, and external quantum efficiency. The definitions of these parameters are listed below.



Optical switching ratio (r): r is defined as the ratio of the photocurrent to the dark current [59].


  r =      I   p h       I   d a r k      =      I   l i g h t   −   I   d a r k       I   d a r k       



(1)




where Iph is the photocurrent, Idark represents the dark current, and Ilight represents the current value under light. By suppressing the dark current and increasing the light current, the optical switching ratio of a photodetector can be significantly improved.



Responsivity (R): R measures the sensitivity of the detector’s response to an incident light signal [60]. When light with power P is incident on the detector, the photogenerated current or photogenerated voltage output from the detector is expressed as follows:


    R = I   p   / P  



(2)







Ip represents the photogenerated current, and P is referred to as the power of the unit area.



Response time: The response time is a parameter that reacts to the response speed of the photodetector. Generally, the time used to increase the photocurrent from 10% of the maximum value to 90% is defined as the rise time, and from 90% down to 10% is defined as the fall time. The smaller these times are, the faster the photodetector responds to changes in light [47].



Open–circuit voltage (Voc): Voc is the maximum voltage of the photovoltaic device generated at a current of zero. The theoretical equation for the open–circuit voltage can be expressed as below [61].


    V   o c   =      k   B   T   q    l n ⁡ (      J   s c       J   0      + 1 )  



(3)




where kB is the Boltzmann constant, T is the absolute temperature, q is the charge, Jsc is the short–circuit current density, and J0 is the reverse saturation current density. The open–circuit voltage can be affected by the energy levels of the materials, the work function of the electrode material, and the charge–carrier complex rate.



Short–circuit current density (Jsc): Jsc is the photogenerated current density when no bias voltage is applied, in which the built–in electric field drives the charge carriers to move in the circuit. Considering the actual and potential losses in a photovoltaic device, the short–circuit current density is given by the following equation [62].


    J   s c   =   J   p h   −   J   0     e x p      e V + e J   R   s     n   k   B   T      − 1   −    V + J   R   s       R   s h       



(4)




where Jph the photogenerated current density, n is the diode ideal coefficient, Rs is the equivalent series resistance, and Rsh is the equivalent parallel resistance. The short–circuit current density is related to the absorption properties of the photoactive layer, the charge carrier generation rate, transport rate, and extraction rate.



Filling factor (FF): FF is the ratio of the actual maximum output power density to the product of the open–circuit voltage and short–circuit current density [63].


  F F =      P   M a x       V   o c     J   s c      =      V   M P     J   M P       V   o c     J   s c       



(5)







Photoelectric conversion efficiency (PCE): PCE measures the effectiveness of a device in converting incident light energy into electrical energy. The formula of PCE can be expressed as follows [64].


  P C E =      P   M a x       P   i n      =      V   o c     J   s c   F F     P   i n       



(6)




where Pin is the optical power density of incident light.



External quantum efficiency (EQE): EQE is defined as the ratio of the number of charge carriers (electrons or holes) collected by the device to the number of incident photons. Essentially, EQE measures how efficiently a device converts incoming photons into electrical current [65]. EQE is expressed as follows:


  E Q E =      n   e       n   t o t a l   p h o t o n      =    R ( h c )   ( e λ )     



(7)







High EQE values indicate that the device is highly efficient at converting light into electrical energy, which is crucial for applications such as solar cells, photodetectors, and other light–sensitive devices.



Internal quantum efficiency (IQE): IQE is commonly defined as the ratio of the number of electron–hole pairs or carriers generated within a device to the number of photons it absorbs. IQE is essentially a measure of the efficiency with which absorbed photons are converted to electron–hole pairs within the device compared to the total number of photons absorbed [66].




3. Mechanisms of Self–Powered Optoelectronic Devices


Self–powered optoelectronic devices can operate without an external power source by harnessing various intrinsic effects to generate and separate charge carriers. In 2D materials, the main mechanisms of self–powered optoelectronic devices can be divided into three types: interface–junction effect, bulk photovoltaic effect, and photothermoelectric effect. The details on the three mechanisms are discussed in detail in the following.



3.1. Interface–Junction Effect


The interface–junction effect occurs at the boundary of two different materials, such as in p–n junctions, Schottky junctions, or heterojunctions. When light is absorbed at the interface, electron–hole pairs are generated. The built–in electric field at the junction separates these charge carriers, directing electrons towards one material and holes towards another, thereby generating a photocurrent. According to the photocurrent generation mechanism, the interface–junction effect can be divided into two categories: p–n junctions and Schottky junctions, as shown in Figure 2a,b, because these two effects both have built–in electric fields that can accelerate the separation of photogenerated electron–hole pairs [35,48,67].



3.1.1. P–N Junction


As an important part of semiconductor devices, p–n junctions have a good application potential in the field of self–powered photodetectors. When a p–type semiconductor and an n–type semiconductor are stacked together, due to the carrier concentration gradient in the junction, the carriers diffuse into the region of lower concentration carriers and form a space charge layer on both sides of the interface. The p–region of the p–n junction is a negative charge region, and the n–region is a positive charge region, which results in the formation of a strong localized electric field from the n–region to the p–region at the junction. When the p–n junction is illuminated, the photogenerated electrons and holes will move in a direction under the localized electric field of the junction, thus generating photocurrents. In recent years, many studies of p–n junction self–powered optoelectronic devices based on two–dimensional materials have been reported. According to their structural characteristics, p–n junctions based on 2D materials can be divided into 2D lateral heterojunctions [68,69,70], 2D vertical heterojunctions [30,71,72], and hybrid dimensional heterojunctions based on 2D materials (for example, growing nanowires or depositing nanoparticles and quantum dots on 2D materials) [73,74,75,76,77,78].



The 2D lateral p–n heterostructure as a classic 2D/2D heterojunction discloses some new characteristics and provides a new template for building heterojunctions based on two–dimensional optoelectronic devices [79,80,81]. In general, lateral p–n heterojunctions can only be fabricated by local modifications (chemical and physical doping, surface etching) and direct growth methods because the 2D materials are jointly in–plane bonded. Therefore, the lateral 2D heterojunction can provide more closely contacting interfaces. In addition, due to the larger spatial spacing of 2D materials, lateral heterostructures are easily tuned for band offset. As shown in Figure 2c, other 2D materials are formed at the edges of the 2D materials, which are bonded together in the form of lateral heterojunctions. Xu et al. [82] successfully prepared a WSe2–MoS2 p–n junction using an epitaxial two–step growth method. The WSe2–MoS2 p–n junction exhibited a remarkable photovoltaic effect at zero bias, with a Voc of about 0.22 V and an Isc of about 7.7 pA (Figure 2d). This p–n heterojunction creates a significant built–in electric field at the contact interface, facilitating the separation of photogenerated electron–hole pairs without the need for an applied voltage. Recently, Wang et al. [49] experimentally demonstrated a gate–tunable BP lateral heterojunction diode for high–performance photovoltaic application (Figure 2e–g). Modulation of the thickness leads to bandgap variations and energy–band misalignment between BP flakes, obviating the necessity for a split–gate structure or selective chemical doping or transfer processes. By adjusting the Vg, the heterojunction device exhibits diode characteristics within a specific Vg range and can harvest energy in the visible and near–infrared spectral ranges. Specifically, at 660 nm, the device achieved a Voc of about 210 mV and an Isc about 1.5 nA at a power density of 3.6 W cm−2, resulting in an external quantum efficiency of 7.4 percent, surpassing that of split–gated and chemically doped homojunctions.
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Figure 2. (a) Schematic diagram of the energy band structure of photodetectors based on the p–n junction. Reproduced with permission [48]. Copyright 2020, Springer Nature. (b) Schematic images of PVE originating from a metal–semiconductor Schottky barrier. Reproduced with permission [47]. Copyright 2018, Wiley–VCH. (c,d) Formation of a WSe2–MoS2 heterostructure and the electrical properties of the devices based on the heterojunction. Reproduced with permission [82]. Copyright 2015, AAAS. (e–g) Schematic illustration of the lateral black phosphorus heterojunction structure and 3D topography image from AFM tapping. Reproduced with permission [49]. Copyright 2017, Wiley–VCH. 
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The 2D materials can be separated from the bulk materials and stacked together to form a vertical heterojunction, creating a new structure that greatly expands the potential applications of 2D materials [83,84,85]. This artificial structure enables the production of artificial materials with exceptional properties not found in nature. The mechanical stacking method represents the simplest approach for constructing any two–dimensional vertical heterostructure. For example, Tu et al. [86] built a transistor based on the BP–MoS2 vertical p–n heterojunction, as illustrated in Figure 3a. Figure 3b depicts a reflected image of the p–n junction between BP and MoS2 flakes, with the edge of the electrodes indicated by grey dashed lines. The blue and purple dashed lines in these figures delineate the BP and MoS2 crystals, respectively. Under zero gate bias, a p–n junction forms at the BP–MoS2 interface, leading to efficient electron–hole pair separation. This separated pair generates a substantial photocurrent signal (Figure 3c). Furthermore, employing graphene as an electrode instead of metal electrodes can result in faster photoresponse times [87]. This result demonstrates that using graphene as an electrode can effectively address the contact issue between the metal electrode and semiconductor materials in the photodetector while enhancing their photoresponse performance. Subsequently, Zhong et al. [88] fabricated a high–performance self–powered photodetector based on a graphene interlayer PdSe2/MoSe2 vertical p–n heterojunction (Figure 3d). Due to the built–in electric field generated by the p–n junction, the photodetector displayed outstanding self–powered behavior independent of an external power source. Additionally, as can be seen in Figure 3e,f, its light response rate reaches up to 651 mA W−1 and the response speed is up to 41.7/62.5 μs, surpassing most reported vertical p–n heterojunction photodetectors. Furthermore, Li et al. [89] built a MoS2 vertical p–n homojunction based on a single flake (Figure 3g–i). Under forward bias voltages at VG = 60 V and VD = 1 V, the time–resolved features demonstrate a dependable photoresponse with a stabilized Ion/Ioff of 100. Moreover, when the gate is grounded, the MoS2 p–n junction functions as a solar cell with estimated energy conversion performance metrics including efficiency at 0.4%, fill factor at 0.22, and light responsiveness at 30 mA W−1. In another study, Jin et al. [50] effectively synthesized p–type MoSe2 (inherently n–type) flakes through doping with Nb elements and constructed an ideal MoSe2 vertical p–n junction (Figure 3j,k). The device shows a high performance as a function of gate voltage.



In addition to the junctions consisting solely of layers of 2D materials, there are numerous mixed p–n junctions, similar to 2D–3D heterojunctions, 2D–1D heterojunctions, and 2D–0D heterojunctions. For illustration, Xie et al. [90] directly grew a multilayer PtSe2 film on a silicon substrate to form a 2D–3D PtSe2/Si p–n heterojunction (Figure 4a–c). Due to the powerful built–in electric field at the p–n junction interface, the PtSe2/Si p–n heterojunction displays a remarkable photovoltaic effect and can realize self–powered behavior at zero bias. The photodetectors operate in both photovoltage and photocurrent modes with responsivity values up to 5.26 × 106 V W−1 and 520 mA W−1 at 808 nm, respectively. The on/off ratio, specific detectivity, and response speed are 1.5 × 105, 3.26 × 1013 Jones, and 55.3/170.5 μs, respectively. As shown in Figure 4d, Lin et al. [91] studied a 2D–0D graphene/CdTe heterostructure by covering a layer of ultrathin CdSe quantum dots on graphene which increased the power conversion efficiency from 2.08% to 3.10% (Figure 4e). In addition, Wang et al. [92] demonstrated a high performance optoelectronic device based on a 2D–0D graphene–perovskite heterostructure. As can be seen in Figure 4f–h, the responsivity is approximately 6.0 × 105 A W−1 and the photoconductive gain is approximately 109 electrons per photon. High–performance single CdS nanowire (NW) and nanobelt (NB) Schottky junction solar cells were reported by Ye et al. [93]. A typical as–fabricated NW solar cell exhibits excellent photovoltaic behavior with a Voc of about 0.15 V and an Isc of about 275.0 pA, and an energy conversion efficiency of up to ∼1.65%, as shown in Figure 4i,j. Additionally, Tsai et al. [94] explored two planar nanostructures, graphene and CdSe nanobelts, for constructing Schottky junction solar cells with a Voc of about 0.5 V and efficiencies in the order of 0.1% (Figure 4k,l).




3.1.2. Schottky Junction


For previous photodetectors and solar cells, ohmic contact is usually established between two metal electrodes and a semiconductor material. Such optoelectronic devices depend on an external power supply to separate the photogenerated electron–hole pairs to achieve photoresponsive behavior [95,96,97]. However, an asymmetric Schottky contact device can be achieved if one of the two ohmic contact ends is replaced by a Schottky barrier contact. In contrast to ohmic contact devices, Schottky junction photodetectors exhibit high sensitivity and rapid response. Moreover, Schottky junction photodetectors leverage the built–in potential present at the nodes for the efficient separation and rapid transport of photogenerated carriers, enabling them to detect optical signals without requiring external voltage [46,98].



Schottky junctions may be formed at their interface, because of the various work functions and band arrangement between the 2D semiconductors and the metals. When the metal comes into contact with the semiconductor, electrons can migrate from the semiconductor to the metal, leading to the formation of a space charge region in the surface layer of the semiconductor that comprises positively charged impurity ions [99,100]. This results in an electric field directed from the semiconductor towards the metal. For instance, Fontana et al. [101] utilized hole–doped Pd and electron–doped Au as electrodes on multilayer MoS2 to establish a Schottky junction at their interface. Under laser illumination, photoexcited electrons from Pd create electron–hole pairs in MoS2 at the barrier and separate from the space charge at the interface due to the built–in potential. In Figure 5a,b, electrons accumulate on one side (Au) side while holes accumulate on another side (Pd), resulting in Voc = 0.1 V. Additionally, Zhou et al. [51] fabricated a self–powered metal–semiconductor–metal (MSM) WSe2 photodetector with an asymmetric contact geometry Schottky contact by transferring the mechanically peeled WSe2 flake onto the silicon substrate. In this study, a WSe2 nanosheet with a special shape, such as a triangle or a slice with acute angles, was chosen for producing MSM photodetectors with asymmetric Schottky contacts, as shown in Figure 5c. This MSM Schottky junction photodetector exhibits a high responsivity of 2.31 A W−1 under zero bias conditions and a Voc of 0.42 V for MSM Schottky junction photodetectors featuring large differences in contact area (Figure 5d).



In addition, numerous studies have been conducted on Schottky junction self–powered photodetectors. Dai et al. [102] developed a highly sensitive and responsive self–powered device by depositing an array of gold plasma nanoparticles onto the surface of an InSe Schottky diode (Figure 5e–g). Furthermore, owing to the significant Schottky barrier difference between the active layer and the two asymmetric electrodes, the responsivity of the InSe/Au photodetector can reach 369 mA W−1 and 244 mA W−1 at the wavelength of 365 nm and 685 nm, under zero bias voltage conditions. Gong et al. [103] fabricated a vertical Schottky structure based on Au–MoS2–ITO for use in a Schottky junction photodetector (Figure 5h–j). This device displays a rapid response time about 64 μs, a stable photoresponsivity about 1 A W−1, a high Ion/Ioff ratio of 106, and an ultralow dark current of 10−12 A at zero bias voltage. Subsequently, a vertical Au–WSe2–ITO Schottky junction photodetector was reported with substantially suppressed dark current to about 10−12 A (Figure 5k,l) [104].



Compared with p–n junction self–powered photodetectors, Schottky junction self–powered photodetectors offer numerous advantages, such as a simple structure, ease manufacture, low cost, and strong materials versatility. However, the early metal–semi–conductor Schottky photodetectors suffered from severely limited photoelectric conversion efficiency due to the strong light absorption characteristics of the thin metal layer. To address this issue, researchers have replaced the metal with ITO as the material for the light transmission layer. Nevertheless, ITO’s brittleness, poor thermal stability, and difficulty in bending restrict its application as a transmittance layer in Schottky junction photodetectors. Graphene stands out as a typical 2D material with ultra–high transparency and good electron mobility, making it an ideal candidate for use as a transparent electrode with high optical transmittance and high conductivity.



Periyanagounder et al. [105] presented a self–powered photodetector based on a graphene/silicon Schottky junction (Figure 6a,b). The Schottky junction features a Schottky barrier of 0.76 eV, facilitating the efficient separation of photogenerated electron–hole pairs and enabling self–powered photoelectric detection behavior. The photodetector exhibits a responsiveness of 510 mA W−1, an Ion/Ioff ratio of 105, and a photoresponse time of 130 μs at zero bias voltage. Luo et al. [106] constructed an photovoltaic device based on a graphene/single GaAs nanowire Schottky junction, which is shown in Figure 6c,d. When excited by a 532 nm laser, the device demonstrates a high photoresponsivity of 231 mA W−1 and a rapid photoresponse/recovery time of 85/118 μs at zero bias. Under AM 1.5 G solar illumination, the device achieves a Voc of 75.0 mV, an Isc of 425 mA cm−2, and a light conversion efficiency of 8.8%. The outstanding photovoltaic performance is attributed to the strong built–in electric field with the Schottky junction, as well as the exceptional electron mobility and transparency properties exhibited by graphene. These findings underscore the efficacy of graphene–based Schottky junction photodetectors as efficient self–powered devices.



The performance of a graphene–based Schottky junction photodetector is determined by its Schottky barrier. Therefore, it is essential to identify an effective approach for adjusting the Schottky barrier of graphene–based Schottky junction photodetectors in order to enhance their light response. Xiang et al. [107] discovered that modifying the surface of MoO3 film could significantly enhance the performance of a self–powered photodetector based on graphene/silicon Schottky junctions (Figure 6e). Yu et al. [108] improved the photoresponse performance of a self–powered photodetector based on a graphene/silicon Schottky junction by incorporating silicon quantum dots (Figure 6f,g). Under self–powered conditions, the responsivity was enhanced to 5.97 mA W−1 and the corresponding detectivity reached 1.1 × 1011 cm Hz0.5 W−1. Additionally, Wu et al. [109] developed an effective method for enhancing the photoresponsive of graphene/GaAs Schottky junctions by introducing NaYF4:Yb3/Er3 upconversion nanoparticles (UCNPs) (Figure 6h,i).
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Figure 6. (a,b) Schematic diagram and photoelectric properties of graphene/silicon Schottky junction diode. Reproduced with permission [105]. Copyright 2018, Royal Society of Chemistry. (c,d) Schematic diagram and photovoltaic performance of a graphene/single GaAs nanowire Schottky junction. Reproduced with permission [106]. Copyright 2018, Royal Society of Chemistry. (e) J–V characteristics of a graphene/silicon Schottky junction device before and after 8 nm MoO3 coating in dark conditions. Inset is the schematic illustration of the as–fabricated graphene/silicon device. Reproduced with permission [107]. Copyright 2015, Wiley–VCH. (f,g) Schematic diagram and photoelectric device performance of Si–QD/graphene/Si. Reproduced with permission [108]. Copyright 2016, Wiley–VCH. (h,i) Schematic diagram and photodetector performance of UCNPs/graphene/GaAs. Reproduced with permission [109]. Copyright 2018, Royal Society of Chemistry. 
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3.2. Bulk Photovoltaic Effect (BPVE)


In contrast to the photoelectric conversion based on the interface–junction effect caused by p–n junctions or Schottky junctions, the bulk photovoltaic effect is attributed to the structural polarization of a special material with a built–in electric field, which facilitates the separation of photogenerated carriers. Several models have been proposed to elucidate the mechanism of the bulk photovoltaic effect. One of the models is shown in Figure 7a, showing the BPVE resulting from randomly distributed scattering centers in a ferroelectric materials [52]. In the absence of external electric field interference, these asymmetrical centers can scatter carriers in all directions. When aligned in a single direction, however, they cause carrier scattering and drift, leading to a net current. Nevertheless, it is generally believed that the photocurrent generated by this model is local and short–lived. Another model is based on net current generation due to the asymmetric diffusion of electrons and holes across an asymmetric electrostatic barrier, as shown in Figure 7b [52].



BPVE is a type of second–order nonlinear photovoltaic response, which describes the steady–state photocurrent phenomenon arising from the non–centrosymmetric structure of a material under uniform illumination in the absence of an external electric field [110,111,112]. In contrast to traditional photovoltaic devices that rely on the internal electric field formed by the p–n junction for charge separation, BPVE achieves charge separation through spontaneous polarization generated by its non–centrosymmetric structure [113]. BPVE is distinguished by the following unique advantages: (1) The p–n junction structure is not required, and the device fabrication process avoids complex interface engineering and manufacturing processes. (2) The photocurrent and photovoltage generated by BPVE align with the spontaneous polarization of the material, and the open–circuit voltage is directly proportional to the thickness of the single crystal material, exceeding the bandgap (in contrast to traditional photovoltaic devices where the open–circuit voltage is lower than the bandgap). (3) BPVE exhibits considerable advantages in terms of the power conversion efficiency, material defect tolerance, and response speed [114,115].



This section summarizes the experimental progress in the study of the bulk photovoltaic effect in 2D materials. These materials can be classified according to the method of generating or modulating the bulk photovoltaic effect, as follows: (1) Single–component materials including 1D WS2 nanotubes and 2D ferroelectric materials such as CuInP2S6. (2) Two–dimensional materials stacking engineering involves the construction of non–centrosymmetric structures using 2D materials to generate spontaneous polarization. Two–dimensional materials stacking engineering uses 2D materials to build non–centrosymmetric structures to generate spontaneous polarization such as WSe2/BP heterojunctions. (3) 2D materials that generate or modulate BPVE through external forces, such as a magnetic field, stress, and so forth. Examples of such materials include CrI3 and MoS2.



Low–dimensional narrow–bandgap semiconductor materials are considered an effective approach to enhance the performance of BPVE. TMDs serve as a typical example of 2D semiconductors with a narrow bandgap. When the bulk material of TMDs is thinned to a monolayer, the block space inversion symmetry is broken. In 2019, Zhang et al. [116] observed BPVE in one–dimensional WS2 nanotubes, exhibiting a photocurrent density several orders of magnitude higher than that of other materials documented in the literature. The monolayer WS2 has a non–centrosymmetric and non–polar structure, which precludes the generation of significant BPVE photocurrents (Figure 7c). In contrast, the WS2 nanotube structure with curved surfaces or stresses that break in–plane triple rotational symmetry and mirror symmetry is non–centrosymmetric and polar, resulting in stronger BPVE photocurrents (Figure 7d). This work not only demonstrates the potential of low–dimensional TMDs materials for BPVE applications, but also confirms the importance of reducing the structural symmetry of the materials to improve the photovoltaic conversion efficiency.
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Figure 7. (a,b) Models for the bulk photovoltaic effect. Reproduced with permission [52]. Copyright 2015, Royal Society of Chemistry. (c,d) Bulk photovoltaic response of the WS2 nanotube. Reproduced with permission [116]. Copyright 2019, Springer Nature. (e–g) Optical image and switchable photovoltaic effect in the graphene/CuInP2S6/graphene device. Reproduced with permission [117]. Copyright 2021, Springer Nature. (h,i) Optical image and photovoltaic performance of the graphene/3R–MoS2/graphene heterostructure. Reproduced with permission [118]. Copyright 2022, Springer Nature. (j–l) Optical image and switchable photovoltaic effect in a WSe2/BP heterointerface device. Reproduced with permission [53]. Copyright 2021, AAAS. 
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The ferroelectricity of 2D materials (GeS, SnTe, In2Se3, CuInP2S6, and 2D chalcogenides and their analogs, etc.) has been demonstrated theoretically and experimentally. Consequently, researchers have proposed utilizing 2D materials (e.g., CuInP2S6, α–In2Se3, and MoTe2) to enhance the BPVE performance. In 2021, Li et al. [117] constructed the observation of the BPVE phenomenon in a 2D ultrathin ferroelectric material, CuInP2S6. The BPVE device in this work is a typical sandwich structure, comprising graphene/CuInP2S6/graphene as shown in Figure 7e. The 2D CuInP2S6 is a semiconductor with a bandgap of approximately 2.9 eV, while the ionic ferroelectric generates a bulk photovoltaic photocurrent. As illustrated in Figure 7f, the J–V output curves of the device under laser irradiation exhibit a linear increase in Jsc and Voc with increasing laser irradiation intensity. At an irradiation intensity of 2 μW, an open–circuit voltage of Voc = −0.8 V is generated, which is comparable to that of bulk ferroelectrics. Furthermore, the device photocurrent density Jsc of the ferroelectric material exhibits a notable increase following positive/negative voltage polarization. Additionally, the direction of the photocurrent reverses upon the reversal of the polarized electric field direction (Figure 7g), a phenomenon indicative of the ferroelectric photovoltaic effect.



The emergence of torsion electronics, exemplified by torsional graphene, has enabled the precise regulation of the electronic properties of 2D materials, opening new avenues in fields such as superconductivity, Mott insulation, topological magnetism, and the quantum Hall effect. In 2022, Yang et al. [118] proposed a vertically stacked van der Waals (vdW) material based on a vertical stacking between two or more vdW materials. Figure 7h,i show an open–circuit voltage of Voc = −0.06 V in a graphene/3R–MoS2/graphene heterostructure. This is a slip ferroelectric material. The discovery of 2D vdW stack–engineered ferroelectric materials has also led to the study of 2D vdW stack–engineered materials’ BPVE.



In 2021, Akamatsu et al. [53] constructed a heterojunction interface of WSe2 and BP with the objective of producing an in–plane spontaneous photovoltaic effect. The WSe2/BP heterojunction breaks the spatial inversion symmetry, leading to a spontaneous photovoltaic effect, with the direction of the photocurrent aligned along the mirror direction (Figure 7j). The photocurrents were tested in three different devices, with no Isc observed in the channel region of the single–layer WSe2 and BP devices. In contrast, Isc was clearly observed in the WSe2/BP device, which suggests that the heterojunction structure leads to the generation of the spontaneous photovoltaic effect, as shown in Figure 7k,l. Furthermore, by comparing the photocurrent distributions at the two pairs of electrodes (along and perpendicular to the polarization direction), the researchers also investigated the relationship between the direction of photocurrent and the direction of spontaneous polarization in the WSe2/BP device. Their findings demonstrated that the spontaneous polarization photocurrent originates from asymmetry–induced spontaneous polarization rather than from the Schottky barrier.



In addition to the intrinsic ferroelectricity of 2D vdW materials and the construction of 2D homo/heterojunctions to produce the bulk photovoltaic effect, researchers have also attempted to impose external constraints on 2D materials that are not intrinsically ferroelectric, with the aim of inducing or modulating the bulk photovoltaic effect. These external effects, including stress, temperature, magnetic field, interface engineering, and boundary conditions, result in the breakdown of the intrinsic symmetry. In 2019, Zhang et al. [119] proposed a theoretical switchable magneto photovoltaic effect in the 2D magnetic material chromium triiodide (CrI3), as shown in Figure 8a. In 2021, Song et al. [54] conducted an experimental demonstration of the spin photovoltaic effect in the 2D magnetic material CrI3. CrI3 is a particularly intriguing layered antiferromagnetic material (AFM), with a single layer exhibiting out–of–plane ferromagnetism and antiferromagnetic mutual coupling between neighboring planes.



The I–V curve of this hBN/graphene/CrI3/graphene/hBN heterojunction device shows that the four–layer CrI3 produces a large spin photocurrent, as shown in Figure 8b. The four–layer CrI3 was chosen for this work because, as the number of CrI3 layers increases, multiple magnetic states become accessible, potentially enabling various states of the resulting spin photocurrent, which is defined as a photocurrent controlled by the spin degree of freedom [120]. Due to time–reversal symmetry breaking, the CrI3 spin photocurrent is closely associated with the intensity of the magnetic field. The low and high photocurrent platforms generated by low and high magnetic fields correspond to the ground state and fully spin–polarized state of AFM, respectively (Figure 8c,d). It has been demonstrated that strain gradients can break the spatial inversion symmetry, which is a prerequisite for the generation of the bulk photovoltaic effect. Consequently, strain gradients can increase the pathway for the generation of the bulk photovoltaic effect. When a material with central symmetry is coupled with the flexoelectric effect, such a centrosymmetric material can produce the bulk photovoltaic effect, which can be referred as the flexoelectric effect [121].



In 2021, Jiang et al. [55] achieved the first flexural electro–photovoltaic effect in MoS2. Figure 8e shows a MoS2 wafer was positioned in part on a VO2 micron belt (a phase–change material) and in part on a SiO2 substrate (a non–phase–change material). The external conditions (e.g., temperature and electric field) control the structural phase transition of the phase–change material, which is expected to result in a uniform strain above the VO2 microstrip and a strain gradient at the boundary between the SiO2 substrate and the VO2 microstrip. This leads to a non–zero dipole moment along the strain gradient, which is known as a flexoelectric effect. As can be seen in Figure 8f, the MoS2 flakes exhibit tensile strains in the surface region of the VO2 micron band, with maximum strain gradients observed in the opposite direction in the regions on either side of the VO2 micron band. As can be seen in Figure 8g, the short–circuit current in the region with a large strain gradient (Position 2, at the VO2 boundary) is much higher than that in the region with a small strain gradient (Position 1, far away from the VO2 boundary).




3.3. Photothermoelectric Effect (PET)


The photothermoelectric effect is a phenomenon whereby light is unevenly distributed upon a material, thereby creating a temperature gradient and a potential difference within the material. As illustrated in Figure 9a, when light is incident upon a material, the radiant energy is transformed into the internal energy of the crystal lattice and electrons [122]. If the light distributed across the material is uneven, the material will heat up in a non–uniform manner, resulting in a temperature gradient (ΔT) within the material. The Seebeck effect describes how a temperature difference in a material can generate an electric potential difference based on both the temperature differential and the Seebeck coefficient of that particular material. In this instance, the material can direct charge carriers to move in a specific direction without external bias influence, thereby producing photocurrent [123,124].



The photothermoelectric effect is a photoelectric detection mechanism that leverages the thermal effect induced by light in combination with the thermoelectric properties of the material to generate an electrical signal. One notable advantage of this mechanism is its ability to operate at zero bias and at room temperature. The fundamental principle between the photothermoelectric effect lies in exploiting the variance in carrier chemical potential between the cold and hot ends of the material. Two particularly appealing characteristics of graphene photodetectors are their zero bandgap, enabling ultra–wideband light absorption, and high mobility, facilitating ultra–fast response speeds [15]. In theory, due to graphene’s high thermal conductivity (suspended monolayer graphene about of 2500 W m−1 K−1) and small Seebeck coefficient, it may not be an ideal thermoelectric material [125,126]. Traditional photodetectors assume that electron temperature equals lattice temperature. However, non–equilibrium effects may arise in graphene under light excitation. As depicted in Figure 9b, an electron–hole pair is generated. Owing to strong electron–electron interaction, the charge carriers’ absorption energy rapidly relaxes leading to charge carrier heating [123]. With weak electron–phonon interaction in graphene further inhibiting energy transfer from generated hot carriers to the lattice, thermoelectric effects can occur without involving phonon heat transport resulting in ultra–fast speeds and high response rates [127].



Xu et al. [128] conducted a detailed analysis for the first time on the origin of the photocurrent response at the interface of monolayer and bilayer graphene. In monolayer graphene (SLG), the energy–momentum dispersion relationship is linear, whereas in bilayer graphene (BLG), it is quadratic (Figure 9c). Consequently, as the Fermi level approaches the Dirac point, the density of states (DOS) of BLG exceeds that of SLG. When the carrier density is equal, the Fermi level of SLG surpasses that of BLG, leading to a higher built–in potential in SLG than in BLG upon contact between these two materials. Conversely, BLG exhibits a larger Seebeck coefficient due to its roughly proportional DOS. These characteristics result in opposite directions for photocurrents driven by the photovoltaic effect and the photothermal effect. Figure 9d depicts an image showing visible differences at different gate voltages and temperatures of 12 K at the interface between graphene and metal, as well as on single and double layers of graphene. Park et al. [56] studied that SLG is expected to display 2D features. The SLG device used in the study is shown in Figure 9e. Additionally, an SPCM image obtained from measuring a device using a 532 nm green laser is shown in Figure 9f.
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Figure 9. (a) Schematic diagram of photothermoelectric effect. Reproduced with permission [122]. Copyright 2021, Wiley–VCH. (b) After photoexcitation and electron–hole pair generation, electron heating and lattice heating take place. Carrier–carrier scattering leads to hot electrons which drive a photothermoelectric current. Reproduced with permission [123]. Copyright 2015, Springer Nature. (c,d) Photothermoelectric effect at a graphene interface junction. Reproduced with permission [128]. Copyright 2010, American Chemical Society. (e,f) Optical image and photocurrent imaging of a graphene device. Reproduced with permission [56]. Copyright 2009, American Chemical Society. 






Figure 9. (a) Schematic diagram of photothermoelectric effect. Reproduced with permission [122]. Copyright 2021, Wiley–VCH. (b) After photoexcitation and electron–hole pair generation, electron heating and lattice heating take place. Carrier–carrier scattering leads to hot electrons which drive a photothermoelectric current. Reproduced with permission [123]. Copyright 2015, Springer Nature. (c,d) Photothermoelectric effect at a graphene interface junction. Reproduced with permission [128]. Copyright 2010, American Chemical Society. (e,f) Optical image and photocurrent imaging of a graphene device. Reproduced with permission [56]. Copyright 2009, American Chemical Society.



[image: Processes 12 01728 g009]





The absence of a bandgap in graphene restricts its further application in digital electronics, where the high Ion/Ioff ratio is crucial. TMDs with adjustable bandgaps are anticipated to address this limitation. For instance, bulk MoS2 has an indirect bandgap of 1.2 eV, while monolayer MoS2 has a direct bandgap of 1.8 eV [129]. Single–layer MoS2 has been reported to exhibit a Seebeck coefficient of up to 30 mV K−1 at room temperature due to its substantial bandgap [130]. Given the significant interband absorption, TMD–based photodetectors are expected to demonstrate an outstanding photothermal performance. Nevertheless, in most cases, the photovoltaic mechanism prevails owing to the large Schottky barrier at TMDs–metal junctions [131]. Therefore, reducing the height of the Schottky barrier is necessary for achieving a photothermal response in TMDs photodetectors.



Zhang et al. [132] observed that the generation and transport of photocurrent in multilayer MoS2 are found to differ from those in other low–dimensional materials that only contribute with either a photovoltaic effect or photothermoelectric effect. In multilayer MoS2, the PVE at the MoS2–metal interface dominates in the accumulation regime whereas the hot–carrier–assisted PTE prevails in the depletion regime. In addition, the anomalously large Seebeck coefficient observed in multilayer MoS2, which has also been reported by others, is caused by hot photo–excited carriers that are not in thermal equilibrium with the MoS2 lattice, as shown in Figure 10a–c. Buscema et al. [133] constructed a pronounced photothermoelectric response in a monolayer MoS2 photodetector by establishing ohmic contact between MoS2 and a low–work–function titanium electrode. The 2D spatial distribution of the photogenerated voltages excited by sub–bandgap and above–bandgap input is consistent, indicating the source of the photogenerated voltages in both cases (Figure 10d–f). The responsivities at the 532 and 750 nm wavelengths are 9.6 V W−1 and 1 V W−1, respectively. Additionally, the back gate was utilized for adjusting the carrier density. As the system transitions from a low–resistance state (≈1 MΩ) to a high–resistance state (>0.1 GΩ), the photothermoelectric voltage displays a significant two order of magnitude increase due to an elevated Seebeck coefficient estimated at −3 × 105 µV K−1. Clearly, the NEP value determined by the Johnson noise will be substantial in the high–resistance state, thereby constraining the practical applications of this large photothermoelectric voltage.



In contrast to the unipolar properties of MoS2, WSe2 displays bipolar characteristics [134] and can be utilized for creating a p–n homojunction. Groenendijk et al. [135] documented the photovoltaic and photothermoelectric effects at the WSe2 homojunction interface, which are modulated by gate separation. As can be seen in Figure 10g–i, the I–V curve of the electrostatically doped p–n junction is rectified, and the photoresponse at this junction is cut off when the incident photon energy is less than the bandgap. Therefore, in a p–n structure, the photocurrent arises from the photovoltaic effect. In the case of a p–p junction, a substantial photocurrent signal can still be generated under global irradiation by sub–bandgap radiation, indicating the presence of the PTE effect (Figure 10i). The temperature difference arises from the nonuniform thickness of the WSe2 flake. When illuminated above the bandgap, the photothermoelectric current in the p–p structure is approximately twice as much as the photovoltaic current in the p–n structure, as shown in Figure 10h. This suggests that the photothermoelectric effect can significantly impact photodetectors based on TMDs. The absence of a photothermoelectric response was attributed to the substantial tunneling resistance in the depletion region.



Low et al. [136] conducted an investigation into the origin of the light response in BP phototransistors. Thick BP film (≈100 nm) was utilized to enhance light absorption and carrier mobility. Based on the Mott formula, the extracted Seebeck coefficient is ≈+60 µV K−1. The spatial photocurrent distribution under 532 nm illumination revealed that the maxima photocurrent occurs in the BP channel, away from the BP–metal interface, indicating a photothermoelectric mechanism in the absence of a bias voltage condition. The corresponding responsivity is about 20 mA W−1. Subsequently, a single–pixel BP photodetector for thermal imaging was developed [137]. During testing, an object is scanned relative to a tightly focused laser beam, and the reflected light is collected by the BP photothermoelectric detector. Under 532 nm and 1550 nm illumination, the spatial resolutions are ≈270 and ≈720 nm, respectively, closely approaching the diffraction limit resolution. Yuan et al. [58] discovered that the photocurrent response at the BP–metal interface was primarily influenced by the PTE effect under zero or low source–drain voltage (|VSD| < 0.15 V), as the zero photoelectric flow near the channel center remained independent of polarity. We further investigated the optical response associated with intrinsic polarization. To eliminate the impact of electrode edge orientation, a toroidal metal electrode was utilized as a photocurrent collector (Figure 11a). Figure 11b,c display the polarization sensitive photodetector’s photocurrent under light, with greater light polarization along the armchair direction. This photodetector is sensitive to a wide wavelength range, from 400 nm to 1700 nm. At a wavelength of 1200 nm, it achieves a response rate of 0.35 mA W−1 and an anisotropy ratio of 3.5. The response time is approximately 40 μs, limited by the measurement time resolution.
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Figure 10. (a–c) Schematic illustration, photocurrent mapping, and Raman mapping of MoS2. Reproduced with permission [132]. Copyright 2015, Springer Nature. (d–f) Photothermoelectric effect in monolayer MoS2. Reproduced with permission [133]. Copyright 2013, American Chemical Society. (g–i) Photovoltaic and photothermoelectric effect in a double–gated WSe2 device. Reproduced with permission [135]. Copyright 2014, American Chemical Society. 
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Chemical stability poses a significant challenge for BP photodetectors when they are subjected to ambient conditions, leading to a degradation in device performance and thereby limiting their practical utility. Therefore, various photothermoelectric photovoltaic devices based on 2D materials have been developed [39,138,139,140]. Lai et al. [138] demonstrated the development of a broad–spectrum self–powered photodetector using TaIrTe4. The photocurrent generation mechanisms are investigated through the measurement of the photoresponse with respect to power and temperature. The metal–TaIrTe4–metal photodetector displays a responsivity of 20 μAW−1 and a specific detectivity of 1.8 × 106 Jones with a 27 μs response time at 10.6 μm, as shown in Figure 11d,e. Li et al. [139] reported that the RSb2 photodetector displays a responsivity of 0.49 mA·W−1 with a 15 μs response time at 532 nm and high stability under environmental conditions over 8 months. Furthermore, they conducted measurements on the polarization–sensitive light response of the detector, revealing an anisotropy coefficient as high as 1.6 (Figure 11f,g).





4. Comparisons and Perspectives


In Table 1 and Table 2, we summarized the recently reported self–powered photodetectors and photovoltaic devices based on 2D materials and their performance parameters. The mechanism, working wavelength, on/off ratio, responsivity, photoresponse time, open voltage, short current, fill factor, and external quantum efficiency of optoelectronic devices are concluded and compared. As depicted in Table 1 and Table 2, the currently reported self–powered photodetectors and photovoltaic devices can be classified into three types based on their working mechanisms: interface–junction optoelectronic devices, bulk photovoltaic effect optoelectronic devices, and photothermoelectric effect optoelectronic devices. Each of these device types possesses unique advantages but also comes with certain limitations. Interface–junction optoelectronic devices exhibit distinct photovoltaic properties, resulting in excellent light response. However, the construction of the interface junction is constrained by material type, and the open–circuit voltage is limited by semiconductor energy band. In contrast to interface–junction optoelectronic devices, bulk photovoltaic effect optoelectronic devices offer an open–circuit voltage that is not bound by semiconductor bandgap limits. Furthermore, their power conversion efficiency has the potential to surpass the Shockley–Queisser limit. Nevertheless, their power conversion efficiency still lags behind that of interface–junction optoelectronic devices. Photothermoelectric effect optoelectronic devices demonstrate a broad–spectrum optical response without being restricted by material bandgap limits. Nonetheless, they suffer from slow responsiveness as compared to conventional photodetectors. In our Comparisons and Perspectives Section, we discuss strategies for further enhancing self–driven 2D–material–based solar cells.



The term "IoT battery" has gained popularity in the energy sector, highlighting the importance of energy storage/conversion devices as an indispensable power source for various IoT devices, robotic devices, and mobile AI devices. Self–powered energy–driven optoelectronic devices have become significantly important in recent years. To achieve this goal, innovatively designed 2D self–powered optoelectronic devices offer a highly promising platform. To promote the further applications of the self–powered photoelectric devices based on 2D materials in the field of IoT, we propose possible future directions and challenges are highlighted. (1) Due to the small built–in electric field between conventional homojunction and heterojunction materials, a small photocurrent results. Identifying novel and effective approaches to enhance the size of the built–in electric field of p–n junctions and Schottky junctions is also a viable method for further enhancing the performance of self–powered photoelectric devices. For example, such strategies can be achieved by searching for a more matched combination of light–absorbing materials, constructing p–n junctions or Schottky junctions with powerful built–in electric fields, or by improving their built–in electric fields by more efficient modification means. (2) Currently, the 2D material BPVE is only found in 20 non–centrosymmetric structural point groups, which limits the number of material systems that can be developed. However, in the future, by breaking the spatial inversion symmetry through external action, it is crucial to expand the material crystal types to 32 crystal point groups. (3) Compared with traditional self–powered optoelectronics, fabricating large–scale 2D materials with high quality remains challenging, yet they are essential for practical optoelectronic devices. Future research should prioritize developing large–scale production methods to enable practical low–power applications in IoT and electronics. (4) The integration of wearable health management components with self–powered DC power supplies is a crucial application. Specifically, flexible self–powered photoelectric devices that are stretchable, biocompatible, and inexpensive to produce enable the real–time continuous monitoring of medical devices. Overall, our review on self–powered optoelectronic 2D devices paves the way for designing novel devices with better integration and “all–in–one” multifunctionality.




5. Summary


With the advent of the post–Moore era and the rapid advancement of the semiconductor industry, low–power self–powered devices have become an essential component of electronic and optoelectronic products. Self–powered optoelectronic devices based on 2D materials have been extensively researched for their exceptional performance and unique application scenarios, thus becoming a crucial element within this field. In this review, we comprehensively summarize the latest research progress of 2D–material–based self–powered photoelectric devices. The fascinating properties of two–dimensional materials render them promising candidates for future photoelectric applications. We summarize three photoelectric conversion mechanisms based on self–powered photoelectric devices: the interface–junction effect, the bulk photovoltaic effect, and the photothermoelectric effect. This serves to provide readers from various disciplines with a comprehensive understanding of the numerous studies conducted on self–powered optoelectronic devices utilizing 2D materials.
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Figure 1. A brief summarization of self–powered optoelectronic devices based on 2D materials, with three mechanisms including the interface–junction effect, bulk photovoltaic effect, and photothermoelectric effect. (Reproduced with permission from [40,47,48,49,50,51,52,53,54,55,56,57,58]. Copyright 2015, 2017, 2018, Wiley–VCH; Copyright 2015, Royal Society of Chemistry; Copyright 2021, AAAS. Copyright 2015, 2016, 2021, Springer Nature; Copyright 2009, American Chemical Society). 
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Figure 3. (a–c) Schematic illustration of a BP–MoS2 p–n junction and photocurrent mapping at zero bias voltage. Reproduced with permission [86]. Copyright 2015. Royal Society of Chemistry. (d–f) Schematic structure and performance of a vertically stacked graphene/MoSe2/PdSe2/graphene p–n heterojunction photodetector. Reproduced with permission [88]. Copyright 2021, Springer Nature. (g–i) Schematic diagram of vertical p–n homojunction of MoS2 obtained by chemical doping and its optoelectronic performance. Reproduced with permission [89]. Copyright 2015, Springer Nature. (j–k) Schematics on Nb–doping mechanism for p–type MoSe2 and the performance of the MoSe2 homojunction device. Reproduced with permission [50]. Copyright 2015, Wiley–VCH. 
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Figure 4. (a–c) Schematic of the PtSe2/Si heterojunction photodetector and photodetection performance. Reproduced with permission [90]. Copyright 2018, Royal Society of Chemistry. (d,e) Schematic of the graphene/CdTe heterojunction photodetector and solar cell performance. Reproduced with permission [91]. Copyright 2015, AIP Publishing. (f–h) Schematic configuration and photodetection performance of a graphene–perovskite phototransistor. Reproduced with permission [92]. Copyright 2015, Wiley–VCH. (i,j) Schematic configuration and solar cell performance of NW/graphene. Reproduced with permission [93]. Copyright 2010, American Chemical Society. (k,l) Schematic configuration and solar cell performance of CdSe/graphene. Reproduced with permission [94]. Copyright 2011, Springer Nature. 
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Figure 5. (a,b) Photovoltaic effect with Pd–Au bias configuration. Reproduced with permission [101]. Copyright 2013, Springer Nature. (c,d) 3D schematic device structure and photoelectric properties of metal–WSe2–metal (MSM) photodetectors. Reproduced with permission [51]. Copyright 2018, Wiley–VCH. (e–g) Schematic diagram of the device structure of a pristine InSe self–powered photodetector and its photoelectric properties. Reproduced with permission [102]. Copyright 2018, American Chemical Society. (h–j) Schematic configuration and photodetector performance based on Au–MoS2–ITO vertical Schottky junctions. Reproduced with permission [103]. Copyright 2017, IOP Publishing. (k,l) Schematic configuration and photodetector performance of a Au–WSe2–ITO vertical Schottky junction. Reproduced with permission [104]. Copyright 2018, IOP Publishing. 
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Figure 8. (a) The antiferromagnetic (AFM), ferromagnetic (FM), and reversed AFM phases display three distinct responses to a linearly polarized light—positive current state (1), zero current state (0), and negative current state (−1). Reproduced with permission [119]. Copyright 2019, Springer Nature. (b–d) Spin photovoltaic effect in a BN/graphene/CrI3/Gr/BN junction device. Reproduced with permission [54]. Copyright 2021, AAAS. (e–g) Optical image and switchable photovoltaic effect in a MoS2/VO2 heterojunction device. Reproduced with permission [55]. Copyright 2021, Springer Nature. 
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Figure 11. (a–c) Optical image and photocurrent microscopy image of a BP photodetector. Reproduced with permission [58]. Copyright 2015, Springer Nature. (d,e) Optical image and photoresponse of the TaIrTe4 photodetector. Reproduced with permission [138]. Copyright 2018, American Chemical Society. (f,g) The performance of NdSb2 photodetector. Reproduced with permission [139]. Copyright 2022, Springer Nature. 
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Table 1. Recently reported self–powered photodetectors based on 2D materials and their performance parameters.
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	Mechanism
	Device
	Working Wavelength
	Ion/Ioff
	Responsivity
	Rise Time
	Refs.





	PV
	p–GaTe/n–MoS2
	633 nm
	340
	1.36 A W−1
	10 ms
	[141]



	PV
	p–WS2/n–MoS2
	514 nm
	-
	44 mA W−1
	100 μs
	[79]



	PV
	p–PtSe2/n–Si
	808 nm
	1.5 × 105
	520 mA W−1
	13.9 μs
	[90]



	PV
	p–GaSe/n–InSe
	470 nm
	-
	21 mA W−1
	1.85 μs
	[32]



	PV
	Graphene p–n homojunction
	633 nm
	-
	5 mA W−1
	0.9 ms
	[142]



	PV
	p–MoS2/n–WS2
	532 nm
	102
	4.36 mA W−1
	4 ms
	[143]



	PV
	p–GaN/n–MoS2
	550 nm
	105
	443.3 A W−1
	5 ms
	[144]



	PV
	rGO/n–Si
	600 nm
	104
	1.52 A W−1
	2 ms
	[145]



	PV
	Au–InSe/Au–In
	365 nm
	103
	369 mA W−1
	23 ms
	[102]



	PV
	Au–BN/plasma Schottky contact
	250 nm
	350
	296 mA W−1
	400 ms
	[146]



	PV
	Au–MoS2–ITO
	637 nm
	106
	1 A W−1
	64 μs
	[103]



	PV
	Au–WSe2–ITO
	637 nm
	104
	0.1 A W−1
	50 μs
	[104]



	PV
	Graphene/ZnO:Al
	380 nm
	102
	39 mA W−1
	37 μs
	[147]



	PV
	Graphene/germanium
	1550 nm
	2 × 104
	51.8 mA W−1
	23 μs
	[148]



	PV
	Graphene/Si
	850 nm
	106
	29 mA W−1
	93 μs
	[149]



	PV
	Graphene/GaAs
	532 nm
	-
	231 mA W−1
	85 μs
	[106]



	PV
	Si–QD/graphene/Si
	860 nm
	-
	495 mA W−1
	25ns
	[108]



	BPVE
	[CH3(CH2)3NH3]2(CH3NH3) Pb2Br7
	405 nm
	1.2 × 103
	-
	20 μs
	[150]



	BPVE
	Gr/ MoS2/Gr
	633 nm
	-
	68 mA W−1
	-
	[57]



	BPVE
	Distorted MoTe2
	400 nm
	-
	98 mA W−1
	-
	[151]



	BPVE
	(allyammonium)2(ethylammonium)2
	
	
	
	
	



	
	Pb3Br10
	405 nm
	104
	50 μA W−1
	-
	[152]



	BPVE
	Sn2P2S6
	405 nm
	103
	3 mA W−1
	230 ms
	[153]



	PTE
	Graphene (asymmetric electrodes)
	1.54, 119 μm
	-
	0.25, 10V W−1
	110 ps
	[154]



	PTE
	Graphene/SiN
	10.6 μm
	-
	7–9 V W−1
	23 ms
	[155]



	PTE
	Graphene/SiO2
	6.4–10 μm
	-
	78 nA W−1
	-
	[156]



	PTE
	Graphene (antenna–assisted)
	157 μm
	-
	4.9 V W−1
	-
	[157]



	PTE
	Black phosphorus
	400–1700 nm
	-
	0.35 mA W−1
	40 μs
	[58]



	PTE
	BP (antenna–assisted)
	1.006 mm
	-
	0.15 V W−1
	-
	[158]



	PTE
	Carbon nanotube film
	660 nm
	-
	45 mA W−1
	80 μs
	[159]



	PTE
	Carbon nanotube film
	215, 119, 96 μm
	-
	2.5, 1, 7 V W−1
	-
	[160]



	PTE
	GaN/AlGaN/GaN nanowire
	325 nm
	-
	-
	<30 ms
	[161]



	PTE
	Nanoporous silicon
	660 nm
	-
	-
	5 s
	[162]










 





Table 2. Recently reported self–powered photovoltaic devices based on 2D materials and their performance parameters.
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	Mechanism
	Device
	Voc[V]
	Isc or Jsc
	FF
	PCE
	QE (%)
	Refs.





	PV
	Mo0.5W0.5Se2
	0.44
	92 mA cm−2
	0.32
	5–16
	-
	[163]



	PV
	WSe2
	0.65
	1 nA
	-
	0.005
	0.2 (EQE)
	[164]



	PV
	BP (6 nm)
	0.05
	1 nA
	0.3
	<0.001
	0.1 (EQE)
	[165]



	PV
	MoSe2
	0.36
	0.6 nA
	0.7
	14
	-
	[166]



	PV
	BP (8.5 nm)
	0.14
	3 nA
	0.38
	0.66
	-
	[31]



	PV
	BP (2.8 nm)
	0.44
	180 nA
	0.75
	0.75
	-
	[81]



	PV
	WS2–WSe2
	0.47
	1.2 nA
	-
	0.9
	43 (IQE)
	[68]



	PV
	WSe2–MoS2
	0.22
	0.008 nA
	0.39
	0.2
	-
	[82]



	PV
	MoS2
	0.28
	20.9 mA cm−2
	0.47
	2.8
	37–78 (EQE)
	[131]



	PV
	BP/MoS2
	0.3
	20 nA
	0.5
	0.57
	0.3 (EQE)
	[45]



	PV
	ML WSe2/FL MoS2
	0.27
	200 nA
	0.4
	12
	-
	[79]



	PV
	ML WSe2/MoS2
	0.53
	0.005 nA
	-
	0.2
	1.5 (EQE)
	[84]



	PV
	MoS2/Si
	0.41
	22.36 mA cm−2
	0.57
	5.23
	-
	[167]



	PV
	MoS2/h–BN/GaAs
	0.76
	21.1 mA cm−2
	-
	9.03
	56.3 (EQE)
	[168]



	PV
	MoS2/InP
	0.47
	27.4 A cm−2
	0.55
	7.1
	-
	[169]



	PV
	Gr/MoS2/Gr
	0.28
	1700 nA
	-
	-
	85 (IQE)
	[170]



	PV
	MoSe2/GaN
	0.62
	6.05 mA cm−2
	0.35
	1.29
	-
	[171]



	PV
	GQDs/MoS2/InP
	0.27
	24.2 mA cm−2
	0.53
	4.1
	-
	[172]



	PV
	Gr/GaAs
	0.81
	24.9 mA cm−2
	0.69
	16.2
	-
	[173]



	PV
	MoS2/SiO2/p–Si
	0.3
	5.5 mA cm−2
	0.42
	4.5
	-
	[174]



	PV
	BP/GaAs
	0.6
	1250 nA
	0.3
	0.24
	31 (EQE)
	[175]



	BPVE
	Nanotube WS2
	0.35
	15 nA
	-
	-
	1.3 (EQE)
	[116]



	BPVE
	CuInP2S6
	0.8
	10 mA cm−2
	25
	0.02
	-
	[117]



	BPVE
	BiFeO3
	0.27
	3.8 × 10−7 A cm−2
	25
	0.0034
	-
	[176]



	BPVE
	BaTiO3 (20 nm)
	0.6
	2.2 × 10−6 A cm−2
	25
	<0.001
	-
	[177]



	BPVE
	KBNNO
	3.5
	4 × 10−8 A cm−2
	31.5
	0.0011
	-
	[178]



	BPVE
	PLZTN
	23
	3.7 × 10−8 A cm−2
	46
	<0.001
	-
	[44]



	BPVE
	BBLT
	16
	6.5 × 10−9 A cm−2
	29
	<0.001
	-
	[179]



	BPVE
	hBN/Gr/3RMoS2/Gr/hBN/Gr
	0.06
	30 nA
	-
	-
	16 (EQE)
	[118]



	BPVE
	Strained MoS2
	0.003
	20 nA
	-
	-
	-
	[55]



	BPVE
	Gr/MoS2/Gr
	0.1
	1.0 μA
	-
	-
	2.5 (EQE)
	[57]



	BPVE
	Distorted MoTe2
	0.016
	60 μA
	-
	-
	30 (EQE)
	[151]



	BPVE
	MASnI3
	0.57
	12.47 mA cm−2
	0.44
	3.13
	-
	[180]



	BPVE
	FASnI3
	0.64
	25.36 mA cm−2
	0.56
	5.51
	-
	[180]



	BPVE
	(allyammnium)2(ethylammonium)2
	
	
	
	
	
	



	
	Pb3Br10
	2.5
	5 nA
	-
	-
	-
	[152]



	BPVE
	Sn2P2S6
	0.16
	1.1 mA cm−2
	-
	-
	0.8 (EQE)
	[153]



	PTE
	Carbon nanotube film
	0.002
	25 μA
	-
	-
	-
	[159]



	PTE
	Carbon nanotube film
	0.0004
	3 nA
	-
	-
	-
	[162]
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