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Abstract:
The wide bandgap semiconductor GaN has proved to be an excellent candidate for high-performance ultraviolet (UV) photodetectors owing to the direct bandgap, long lifetime, outstanding radiation hardness and high thermal and chemical stability. To ultimately reduce the power consumption, the self-powered operation is preferred. However, it is difficult to achieve a high responsivity when no external bias is applied for the reported self-powered Schottky, p-n junction or hybrid GaN-based photodetectors. In this study, we report a UV photodetector with an ultrahigh photoresponsivity and fast response speed under zero-power consumption by integrating GaN with transition metal dichalcogenides (TMDs) MoS2 nanosheets through one-step hydrothermal and substrate compatible drop-casting method. Detailed characterization confirmed the formation of 2D-MoS2/i-GaN vertical heterojunction with a few layers of hexagonal MoS2 nanosheets on a high-crystalline-quality GaN film. The photoresponsivity as high as 610 A/W and external quantum efficiency exceeding 2000% were achieved at the wavelength of 370 nm under zero external bias without sacrificing the response speed (~ms). The specific detectivity was estimated to be 1.221014 Jones, and the UV/visible discrimination ratio was more than two orders of magnitude. The excellent performance of the 2D-MoS2/GaN-based vertical heterojunction UV photodetector could be attributed to the optimized hetero-interface and the effective separation and transfer of photo-generated electron-hole pairs by the strong built-in electric field formed from the band alignment of the type-II heterojunction. This photodetector, with superior photoresponsivity at zero-power consumption, is promising for the practical applications in areas such as sensing, imaging, and communication.
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Introduction
Ultraviolet (UV) detection with wavelengths ranging from 10 nm to 400 nm is highly demanded in different applications, such as flame monitoring, gas detection, environmental monitoring, or medical inspections [1]. III-V nitride semiconductors have unique electronic and optical properties with a tunable direct bandgap (3.4 eV for GaN and 6.2 eV for AlN), good chemical and thermal stability, and radiation hardness, which are highly promising for UV photodetector applications. The wide bandgap of GaN makes it highly sensitive to the UV radiation, while its high electron mobility allows for the efficient collection of photo-generated carriers. Among the different structures, the self-powered photodetectors operate without an external power source, which makes them more energy-efficient and cost-effective than traditional photodetectors. To be effective, self-powered UV photodetectors must also meet the so-called “6S” requirements of high sensitivity, high speed, high signal-to-noise ratio, high stability, simplicity and arbitrary spectra selectivity [2]. The self-powered operations in GaN photodetectors can be achieved by the conventional Schottky/p-i-n type with metal contacts, asymmetrical pairs of Schottky contacts, or nanomaterial/GaN hybrid heterojunctions. Schottky-type photodetectors exhibit the merits of fast response speeds and low-level noises, while the surface states, which are usually resulted from the native oxides on GaN surfaces, lead to a low Schottky barrier height and high leakage current. P-i-n-type photodetectors offer lower dark currents, but as a result of the poor doping efficiency in p-GaN, the responsivity and external quantum efficiency (EQE) are usually very low [1]. Although the photodetectors fabricating on the free-standing GaN substrates could reduce the surface state and improve the doping efficiency of p-GaN, the responsivity was still poor if no external bias was applied [3,4]. 
To address these limitations, integrating specific nanomaterials on GaN is a promising approach to develop self-powered photodetectors. In particular, transition metal dichalcogenides (TMDs) on GaN has shown interesting results for UV photodetection [5]. TMDs are a family of two-dimensional materials that consist of a transition metal atom (e.g., molybdenum, tungsten) sandwiched between two chalcogen atoms (e.g., sulfur, selenium). MoS2 is a typical two-dimensional TMD material, whose bandgap is tunable with thickness, allowing for the optimization of a specific spectrum absorption [6]. In addition, MoS2 has a high carrier mobility, which enables the rapid transport of photo-generated carriers, thus, facilitating efficient charge separation and collection [7]. However, although the self-powered photoresponse can be achieved, the reported MoS2/GaN photodetector working at zero bias still suffered from a low responsivity and slow response speed, which is less effective and limits their real applications [5,8]. 
In this work, an ultra-high photoresponsivity and rapid response speed for a UV photodetector working at zero-power consumption were achieved by integrating 2D MoS2 to the GaN film with a one-step hydrothermal method followed by the probe sonication and optimized drop-coating technique. Detailed characterization revealed the formation of a few layers of 2D MoS2 nanosheets with a hexagonal crystal phase on the high crystalline quality GaN epitaxial film. The 2D-MoS2/GaN-based vertical heterojunction photodetector exhibit a low dark current and a significant increase in photocurrent upon UV light illumination. A photoresponsivity of 610 A/W and EQE of 2000% were achieved without any external bias at the wavelength of 370 nm. The UV/visible discrimination ratio was more than two orders of magnitude with a specific detectivity of 1.221014 Jones. The photodetection mechanism and the photocurrent gain under UV light illumination were further investigated with regard to the band diagram and the hetero-interface analysis. 
Experimental details
Materials 
Sodium molybdate (99.99%), Thiourea (99.9 %), was procured from Sigma Aldrich. N-methyl-2-pyrrolidone (NMP) and ethanol (99%) were procured from Mitsubishi Chemicals. DI water was obtained from the Millipore Q DI water-system.
Instrumentation
The structural analysis was performed using the high-resolution X-ray diffraction (Panalytical Xpert PRO XRD system) technique with Cu Kα (λ = 0.154 nm) radiation source, and surface morphology was evaluated by atomic force microscopy (AFM). Field emission scanning electron microscopy (FE-SEM) (Hitachi S-4800) was performed for morphological studies. Raman spectrometer was carried out in backscattering configuration using a laser with a wavelength of 532 nm (Photon Design Corporation, Japan). The optical properties of the nanostructure were evaluated by UV-vis absorption measurements using a UV-1800 Shimadzu spectrophotometer. Current-voltage (I-V) characteristics were measured with a Keithley 2635B source meter. The photodetector performance was evaluated from 200 to 1100 nm under both 30 W deuterium and 500 W xenon lamp (Bunkoukeiki X-250). The spectral response was carried out both in dc and ac mode using a standard lock-in detection technique, and calibrated by a standard Si photodetector. 
Hydrothermal synthesis of MoS2 nanoparticles
Hydrothermal synthesis was employed for the preparation of MoS2 nanosheets owing to its simplicity, low cost, and high yield. This method involves the reaction of 0.3 g of sodium molybdate and 0.6 g of thiourea in an aqueous solution at 180°C temperature for 24 h in a Teflon-lined stainless-steel autoclave. During the reaction, the precursors undergo nucleation and growth to form MoS2 nanoflowers with a high degree of crystallinity and uniformity in size and shape. The resulting MoS2 nanoflowers were separated from the reaction solution by centrifugation followed by filtration. Further, the obtained nanoflowers were dried at 70°C for 5 h, as shown in Figure 1(a).
Exfoliation of MoS2 nanoflowers to MoS2 nanosheets using probe sonication
The probe sonication technique was used to exfoliate MoS2 nanoflowers into nanosheets. In this method, MoS2 nanoflowers are dispersed in NMP and subjected to high-intensity ultrasound for 0.5 hr, 1 hr, 2 hr and 3.5 hr using a sonication probe as shown in Figure 1(b). The ultrasound waves create high-frequency vibrations that create cavitation bubbles in the solution. The bubbles rapidly expand and collapse, generating shear forces and intense turbulence that can exfoliate the nanoflowers into nanosheets. The resulting MoS2 nanosheets with high surface area and crystallinity were used for making heterojunction with GaN. 
Epitaxial growth of i-GaN on Sapphire substrate by using metalorganic chemical vapor deposition 
The GaN used in this study was epitaxially grown on c-plane sapphire substrate by metalorganic chemical vapor deposition (MOCVD). Trimethylgallium, and ammonia were used as the precursors, and nitrogen and hydrogen were used as carrier gases.  Initially, the sapphire substrate was heated up to 1050°C for 20 min in hydrogen ambient, followed by the deposition of 25-nm-thick GaN buffer layer at 500°C. Then the temperature was raised to 1000°C and GaN epitaxial layer with the thickness of 3 μm was deposited. 
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Figure 1. a) Hydrothermal synthesis of MoS2 nanoparticles b) Exfoliation using probe-sonication c) Patterning using lithography and formation of vertical heterojunction.

Fabrication of 2D-MoS2/GaN vertical heterojunction and photodetector device 
First, the interdigital electrode contacts were fabricated on the GaN sample as metal-semiconductor-metal (MSM) photodetector using a standard laser lithography process. Ni (20 nm)/Au (20 nm) was deposited by an electron-beam evaporation followed by a lift-off process, as shown in Fig. 1(c). The resulting patterned metal layer forms the Schottky contacts suitable for the electrical measurements. Then, the optimized MoS2 nanosheets after probe sonication of 3.5 h were taken for making 2D-MoS2/GaN heterojunction. The GaN sample or MSM device were preheated at 60°C, and MoS2 nanosheets were drop-casted onto the GaN, forming the vertical heterojunction interface between the two materials. Drop-casting is a simple and effective method for forming the heterojunction, allowing direct contact between the materials. The resulting heterojunction has a large interfacial area, which enhances the charge separation and transport properties of the device.
Results and discussion
Detailed characterization such as FESEM, XRD, RAMAN, UV-VIS spectroscopy, XPS spectra and PL spectroscopy were performed for both MoS2 and GaN. Figure 2 (a) shows the FESEM images of MoS2 nanoflowers, which exhibit a distinct morphology and structure with stacked petals resembling the tagetes erecta flower. The nanoflowers consist of multiple layers of MoS2 petals arranged in a radial pattern around a central axis, forming a flower-like structure. The petals have smooth surfaces, which are thin and flat, and stacked on top of each other, creating a unique and intricate morphology. The formation of nanoflower-like structures can be attributed to the supersaturation of the precursor solution [9], which leads to the formation of nanocrystals, resulting in the self-assembly of these nanocrystals into larger flower-like structures. In addition, the stacking of individual MoS2 layers can also be contributed to the formation of petal-like structures as each layer grows in a specific orientation [10]. Further, the exfoliation of MoS2 nanoflowers into nanosheets was achieved using probe sonication for different periods of time. It is observed that as the sonication time increases from 0.5 to 3.5 hours, there is a corresponding increase in the number of exfoliated MoS2 nanosheets. The FESEM images of MoS2 nanoflowers before and after sonication at 0.5 hr, 1 hr, 2 hr and 3.5 hr are shown in Figs. 2(b), (c), (d) and (e), respectively. The images depict that the petals of the nanoflowers become more separated with increasing the sonication time, resulting in a greater number of individual nanosheets. At shorter sonication times of 0.5 hr and 1 hr, some larger flakes or clusters of flakes are observed to be still present due to incomplete exfoliation [11]. However, after a longer sonication of 3.5 hr., most of the MoS2 material is exfoliated into individual nanosheets, as shown in Fig. 2(e). 
AFM was used to investigate the surface morphology of GaN film grown on sapphire substrates. The AFM images revealed that the GaN film has an ultra-smooth surface with a root mean square (Rq) roughness of 0.514 nm, and an arithmetic average roughness (Ra) of 0.428 nm, for the surface area of 55 µm². A minimal difference of 0.0132% in the surface area of the projected image was obtained. The obtained results prove the superior property of GaN films to be used in photodetector applications [12].
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Figure 2. a) FESEM micrographs of the hydrothermally synthesized MoS2 nanoflowers, Probe- sonicated MoS2 nanosheets for b) 0.5 hr c) 1 hr d) 2 hr and e) 3.5 hr f) Typical 2D AFM images of the GaN film grown in sapphire substrate.

XRD analysis was performed to confirm the crystalline structure of the hydrothermally synthesized MoS2 nanosheets. As shown in Fig. 3 (a), the XRD pattern shows clear diffraction peaks corresponding to the hexagonal phase of MoS2. The most intense peak was observed at 2θ = 14.39°, corresponding to the (002) plane, followed by peaks at 2θ = 23.8°, 39.2°, 44.7°, and 62.4°, corresponding to (006), (103), (104), and (107) planes, respectively. The presence of these peaks confirms the highly crystalline nature of the MoS2 nanosheets [13]. The observed peaks are consistent with the standard JCPDS card no. 002-0132, which further confirms the hexagonal crystal structure of MoS2. To evaluate the crystalline quality of GaN epitaxial layer, XRD rocking curves around (002)- and (102)-planes were performed, as shown in Figs. 3(b) and 3(c). The full width at half maximum (FWHM) for (002)- and (102)-planes are 180 and 250 arcsec, respectively, indicating a high crystalline quality and a relatively low level of defects, which is desirable for optoelectronic applications [14]. 
Raman spectroscopy was used to study the structural and vibrational properties of MoS2. The Raman spectrum of MoS2 exhibits two prominent peaks at around 381 cm-1 and 406 cm-1,     which correspond to the E1g and A1g modes, respectively. The E1g mode arises from in-plane vibrations of the sulfur atoms, while the A1g mode arises from out-of-plane vibrations of the sulfur and molybdenum atoms [15]. The energy difference of the two peaks indicates that the MoS2 film consists of few-layered sheets. The UV-Vis spectra of MoS2 show a strong absorption peak at around 250 nm, as shown in Fig. 3(e). This peak can be associated with an indirect transition due to the blue-shifted Z, C, and D excitonic peaks in MoS2 [16]. Taucs’ plot was used to calculate the band gap energy of MoS2 by plotting a graph between (αhν) ^ (1/n) versus photon energy (hν), where α is the optical absorption coefficient. A bandgap energy of 2.7 eV was obtained for the synthesized MoS2 nanosheets. PL spectra of GaN films typically show a high-intensity peak at around 350-370 nm, corresponding to the band-edge emission. A much lower shoulder peaks at longer wavelengths, around 440 nm and 550 nm are also observed, which are typically attributed to defect-related emissions such as donor-acceptor pair (DAP) and yellow luminescence (YL) [17]. The XPS pattern for the as-synthesized MoS2 nanoparticles and the deposited GaN films have been performed and given in SI section S2.  
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Figure 3. a) XRD pattern of the hydrothermally synthesized MoS2 nanoparticles; b) XRD Rocking curves around (002)-plan of GaN; c) XRD Rocking curve of (102)-plane of GaN; d) Raman spectra of MoS2 nanoparticles; e) UV-VIS spectra of MoS2 inset: Tauc’s plot; f) PL spectra of GaN film
 
 Photo response studies of the fabricated 2D- MoS2/i-GaN photodetector
The performance of the 2D-MoS2/i-GaN hybrid photodetector was investigated by electrical, optical, and photo response measurements. The MSM-type photodetectors fabricated on bare i-GaN were also characterized as references. The I-V curves of the i-GaN photodetector are given in Fig. 4(a). The dark current was found to be on the order of 10-11A in the absence of external light at the applied voltage of 1V. Upon the illumination of UV light with the wavelengths of 350 and 370 nm, the photocurrents were found to be increased by up to two orders of magnitude at the applied voltage of 1 V. The incident light is typically absorbed by a depletion region within the GaN when the bias is applied, where the electric field is high and the carriers are separated [18,19]. The separated carriers are then collected by the electrodes, leading to the generation of photocurrents [20, 21]. The I-V characteristics of the 2D-MoS2/i-GaN device are given in Fig.4(b). The dark current was increased compared to that of the i-GaN MSM photodetector but still maintained a low level on the order of 10-10A at 1 V. The hybrid heterojunction device displayed a unique photo response when the UV lights were illuminated. The photocurrent drastically increased to 6.2 x10-9 A when the incident wavelength was 250 nm at the applied voltage of -1 V. Judging from the UV-vis spectra and photocurrent spectra (Fig. 4 (c)), the photoresponse at 250 nm is generated from the 2D-MoS2. When the incident wavelength was 270 nm, the photocurrent of the 2D-MoS2/i-GaN hybrid junction device was reduced. While it increased again under the incident wavelength of 340nm-370nm, which is originated from the absorption of GaN. The spectra responsivity of the 2D-MoS2/i-GaN heterojunction at 0V was measured from 200 to 1000 nm, as displayed in Fig. 4(c). The spectra responsivity of the i-GaN MSM device at 1 V is also displayed for reference. As can be seen, the response at 350-370 nm is drastically enhanced with the introduction of the 2D-MoS2 to i-GaN even when no external bias is applied. 
The photoresponsivity of the photodetector is calculated with regard to the efficiency to convert the incoming light into a measurable electrical signal. It is defined as the ratio of the output signal to the input optical power, as shown in eq. 1, where Iλ is the photocurrent generated by the photodetector, A is the area, and Pλ is the optical power incident on the photodetector.  The EQE measures the number of electron-hole pairs a photodetector generates for each incoming photon. It is defined as the ratio of the number of collected charge carriers to the number of incident photons as shown in eq. 2, where h is Planck's constant, c is the speed of light, e is the elementary charge, Rλ is the responsivity. The detectivity (D) of the photodetector is described as the inverse of the noise equivalent power, as shown in eq. 3 below. 
		[eq.1]
	[eq.2]
	[eq.3]
The MSM photodetector fabricated on bare i-GaN has a peak responsivity of 35 A/W at 370 nm when the applied voltage is 1 V. It is worth noting that, with the integration of 2D-MoS2 to GaN, the hybrid photodetector exhibits a significantly enhanced response at ~370 nm. The maximum photoresponsivity is as high as 610 A/W with an EQE exceeding 2000% even when no external bias is applied. The photocurrent gain was further estimated using the following eq. 4.
Photocurrent Gain (G) = ΔIph / Popt 	[eq.4]
where ΔIph is the change in photocurrent, and Popt is the incident optical power. The photocurrent gain of 103 was obtained for the fabricated heterojunction photodetector. The UV/Visible discrimination ratio, which calculates as the ratio of the absorbance in the UV region to the absorbance in the visible region, was estimated to be 141.8.
The temporal response of the fabricated 2D-MoS2/GaN hybrid junction device illuminated at different wavelengths without external bias are shown in Figs. 4(d) and (e). The device was subjected to on/off illumination of different wavelengths. When the incident light is 250 nm, the photocurrent was ~6.2 10-9 A. While it was reduced and showed a slight stepwise increase upon the illuminations from 260 nm, 270 nm, and 280 nm. This behavior corresponds well with the UV-vis spectra and further confirms the absorption of MoS2 layer at the deep UV region. As the wavelength increases towards 280 nm, the device exhibits a stepwise increase in the photocurrents, indicating the photoresponse from the absorption of the GaN layer. The highest photocurrent was at the 370 nm illumination, corresponding to the absorption from the GaN layer, as shown in Fig. 4(e). The device was subjected to on/off illumination cycles at five different wavelengths: 250 nm, 270 nm, 340 nm, 350 nm, and 370 nm, as shown in Supplementary Information (SI) Figure S1. The device showed excellent stability during the continuous on/off cycles, with little persistent photoconductivity effect [22]. The response time is further investigated under 350 nm pulse at zero bias, as shown in Fig. 4 (f). The measurement revealed a rise response time (Tr) of ~20 ms (the time for the photocurrent to reach 90% of its steady-state value), and a fall time (Tf) of ~ 18 ms (the time required for the photocurrent to decay to 10% of its steady-state value). We note that the response time was measured at weak UV intensity, upon which defects may play an important role. When a laser diode is employed, a much faster response time should be achieved [23].
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 Figure 4. a) I-V characteristics of the fabricated GaN-based photodetector with and without UV light illuminations; b) I-V characteristics of the 2D-MoS2/GaN-based photodetector with and without UV light illuminations; c) photoresponsivity plots of the i-GaN MSM photodetector under 1V  and 2D-MoS2/i-GaN photodetector without external bias; d) temporal response of the fabricated 2D-MoS2/GaN-based photodetector in the range of 250 -280 nm at 1 V bias; e) Temporal response of the fabricated 2D-MoS2/GaN-based photodetector in the range of 350– 370 nm; f) Rise time and fall time of the 2D-MoS2/i-GaN photodetector 
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Figure 5. a) Responsivity spectrum of the fabricated photodetector b) EQE of the fabricated photodetector c) Band–diagram under equilibrium conditions d) Band-diagram upon illumination of UV light.

 Photodetection Mechanism of the self-powered 2D-MoS2/i-GaN hybrid photodetector
The mechanism of the fabricated self-powered photodetector can be explained with the help of the band diagram given in Figs. 5(c) and (d). The work function and electron affinity of the materials was calculated using the following equations:
Work function (Φ) = Evacuum - EFermi
Electron affinity (χ) = Evacuum - Econduction
where Evacuum is the energy of the vacuum level, EFermi is the Fermi energy level, and Econduction is the energy level of the bottom of the conduction band. The energy levels of the bands were obtained from previous work [25]. The horizontal axis in the band diagram represents the position of the material, while the vertical axis represents the energy levels. The Fermi level is represented as a dashed line in the middle of the band gap. The band diagram shows the alignment of the energy levels of the two materials at the interface [26]. 
As the MoS2 and GaN share the two Ni/Au electrodes, the fabricated device can be regarded as two MSM photodetectors connected in parallel. While as a difference in energy band structures and electron affinities between the two materials, a type II band heterojunction is formed between GaN and MoS2. Due to the nanosheet morphology and free-dangling bonds of the surface of MoS2, an excellent heterojunction can be formed beyond the restriction of lattice mismatching. Initially, under thermal equilibrium, electrons in the MoS2 layer move toward the GaN end due to the decrease in conduction band energy, while the holes in GaN are transferred to MoS2 due to the difference in the Fermi level [27]. The energy levels near GaN shows a downward bending, while those near MoS2 bend upward until the Fermi levels of MoS2 and GaN are aligned at the same position. This creates a built-in electric field at the heterojunction, resulting in a self-bias nature of the device. 
When the UV light is illuminated on the device, a photon with energy greater than the band gap energy of GaN and MoS2 is absorbed by the heterojunction. This absorption process creates an electron-hole pair within the heterojunction. Further, the absorbed photon creates an electron (e-) in the conduction band and leaves behind a hole (h+) in the valence band [28]. Due to the built-in electric field at the MoS2/GaN interface, the generated electrons in the GaN layer are pushed towards the MoS2 layer, and the holes are pushed in the opposite direction [29]. They are collected at the Ni/Au electrodes, thus a photocurrent is produced. 
The significantly enhanced photo response at 370 nm by the integration of MoS2 to GaN can be attributed to the following reasons: i) High carrier separation efficiency in the device due to the presence of the built-in electric field at the heterojunction interface. When 2D-MoS2 formed heterojunction on the GaN, as a result of the energy band bending and the free-dangling bonds of the MoS2 surface, a strong built-in electrical field will appear near the MoS2/GaN interface. When the UV light is performed, the photo-generated electron-hole pairs will be quickly separated by the built-in electric field and driven to the GaN and MoS2 layers, respectively. This leads to a high photoresponsivity and fast response speed, even at zero bias. ii) the unique properties of the MoS2 layer. As a 2D material, MoS2 has a high surface-to-volume ratio, which enhances its light absorption capabilities [20]. The layered structure, van-der-Waals bonding, and high carrier mobility of the MoS2 layer also enables the efficient carrier separation. In addition, the illumination of the UV light further stimulated the trap states existing in the MoS2 layer, contributing to the photocurrent gain. iii) The fabricated device can be regarded as two MSM photodetectors connected in parallel as the 2D MoS2 and GaN share the same Ni/Au electrodes, which further contributes to the photocurrent gain.

Table 1. Comparison of the fabricated MoS2/i-GaN photodetector with the recently reported photodetectors

	Active material
	Substrate
	Method of fabrication
	Responsivity 
	Self-powered
	EQE (%)
	Rise time (ms)
	Operating temperature
	References

	MoS2/GaN
	AlN buffer layer on the Si(111)
	Plasma-assisted molecular beam epitaxy of both GaN & MoS2
	37 mA/W
	Yes
	126
	33
	250°C
	[8]

	MoS2/GaN
	Sapphire (0001)
	Commercially procured
	104 A/W @ 1V bias
	No
	6.19 × 106
	300
	R. T
	[31]

	MoS2 on p-GaN
	sapphire
	Metal oxide chemical vapor deposition of GaN 
Electron beam evaporation of MoS2
	14.3 A/W
	Yes
	1.5 x103
	97.1
	R. T
	[32]

	GaN/Nb-Doped MoS2

	SiO2
	Chemical Vapour Deposition of both MoS2 & GaN 
	172 A/W @1V bias
	No
	23.7
	110
	R. T
	[33]

	2D-MoS2/i-GaN
	Sapphire
	MoS2 – Hydrothermal and exfoliation
GaN – MOCVD
	610 A/W
	YES
	2000
	20 ms
	R. T
	This work




Table 1 provides a comparison of the recently reported MoS2/GaN-based photodetectors with this work based on substrate, fabrication method, responsivity, self-powering capability, EQE, rise time, and operating temperature. As can be seen that only two of the previous works, i.e., MoS2/GaN on Si (111) by Gupta et al. [31] and MoS2 on p-GaN by Zhuo et al., [32] are working at zero-power consumption condition. However, their responsivities are very low and response speeds are high. In contrast, in this work, we obtained a true high-performance zero-power-consumption MoS2/GaN UV photodetector with a peak responsivity of 610 A/W and EQE exceeding 2000%, which eliminates the need for an external bias and makes it easier to use in practical applications. The overall performances of the fabricated hybrid heterojunction device belong to the high level, such as the high sensitivity, high speed, high signal-to-noise ratio, high stability, simplicity and good spectra selectivity, satisfying the 6S requirements. The developed 2D-MoS2/i-GaN self-powered UV photodetector with superior performance paves the way for the further research and development on the high-performance and zero-power consumption applications in optoelectronics. 
Conclusion:
In summary, we successfully fabricated a high-performance zero-power-consumption 2D-MoS2/i-GaN-based vertical heterojunction UV photodetector with superior responsivity and rapid response time. The one-step hydrothermal method followed by probe sonication was used to fabricate 2D-MoS2, and then transferred to the GaN layer to form the hybrid heterojunction photodetectors. The device displayed a low dark current and a significant enhancement in photocurrent upon illumination of UV light of 370 nm, leading to a superior photoresponsivity of 610 A/W and EQE of 2000% under no external bias. The UV/visible discrimination ratio is more than two orders of magnitude, and the specific detectivity is estimated to be 1.22  1014 Jones. Although the photocurrent gain is high, the rapid photo-response with a rise/fall time of 20/18 ms is achieved. The advanced integration technology and the high-performance characteristics of this device pave the way for new and innovative applications in the field of optoelectronics with zero-power consumptions.
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