[bookmark: _Hlk145848333]High-performance UV photodetector based on Nickel oxide loaded with low amount of Nitrogen and Boron co-doped reduced graphene oxide for bias-switchable photoconductance
Chiheb Walleni a,b,c, Nejeh Hamdaoui d,e, Shuja Bashir Malik c, Mohamed Faouzi Nsib a,b, Eduard Llobet c.
a Higher school of Sciences and Technology of Hammam Sousse 4011, University of Sousse, Tunisia
b NANOMISENE Laboratory, LR16CRMN01, Center of Research on Microelectronics and Nanotechnology (CRMN), Technopole of Sousse, B.P334, 4054, Tunisia
c Universitat Rovira i Virgili, MINOS, Avda, Països Catalans, 26, 43007, Tarragona, Spain
d University of Sousse, Higher School of Science and Technology of Hammam Sousse, Laboratory of Energy and Materials (LabEM-LR11ES34), Street Lamine Abbassi, 4011, Hammam Sousse, Tunisia
e Higher Institute of Computer Science and Communication Technologies of Hammam Sousse, University of Sousse, ISITCom, Gp1, 4011 Hammam Sousse, Tunisia
Corresponding author: Chiheb Walleni, Ph.D student, e-mail:  wchiheb@yahoo.com
University of Sousse, Higher School of Science and Technology of Hammam Sousse, Laboratory of Energy and Materials (LabEM-LR11ES34), Street Lamine Abbassi, 4011, Hammam Sousse, Tunisia 

Abstract
In this work, we report a low cost and straightforward chemical synthesis of nickel oxide nanoparticles decorated with low amount of nitrogen and boron co-doped reduced GO for a high-performance UV photodetector. For the first time, NiO/NB-rGO nanomaterial was synthesized following the co-precipitation method and subsequently annealed at 400 °C. The nanomaterial was characterized with several techniques such as SEM, TEM, XRD, and Raman spectroscopy. In addition, the device was subjected to electrical characterizations to determine their responsivity, detectivity, and temporal responses both in the absence of illumination (dark conditions) and under UV illumination of 375 nm. In particular, the studied I-V curve was performed to evaluate the coexistence of positive and negative photoconductivity in our device. The results revealed a better photoresponse of NiO/NB-rGO device to UV light, which showed high responsivity (800 A/W), large detectivity (9.4×1011 Jones), and fast rise/fall time (1.38/2.17 s) at reverse bias. Consequently, the Schottky contact of NiO/NB-rGO allowed to switch between carriers’ conduction, which displayed both positive and negative photoconductance at reverse and forward bias.  
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1. Introduction
The Sun emits ultraviolet (UV) radiations as well as visible and infrared light. Most UV-C (100–280 nm) and UV-B (280–315 nm) radiations are absorbed by the ozone layer, but UV-A (315–400 nm) radiation can enter the earth, causing dangerous diseases such as skin cancer and burns. To solve these problems, the manufacturing of UV photodetectors is a worthwhile way to detect harmful UV radiation. UV Photodetectors (UV PDs) are considered as essential devices to convert UV light into electrical signals. The development of UV PDs is highly demanded in various fields such as environmental monitoring, medical diagnosis, and even security systems[1]. However, traditional UV PDs based on silicon, germanium, and InGaN materials often suffer from insensitive to UV light, slow response speed, poor stability, and low detectivity [1–3].
Hence, many researchers have shown great interest in selecting the most suitable materials for high-performance UV photodetectors [4–6]. In this regard, transitions metals oxides such as TiO2, NiO, ZnO, and SnO2 have been widely explored for the fabrication of UV PDs thanks to their fascinating properties [5,7–9]. Interestingly, nickel oxide a p-type semi-conducting material, with unique physical properties such as wide band gap of 3.6 to 4 eV, good thermal conductivity and stability, and high large exciton binding energy of 110 MeV assure the stability of PD device. Furthermore, NiO is the best candidate for UV PD due to its outstanding advantages such as being inexpensive, not selective for the visible light region, earth abundance, and low toxicity [10–12].
 Graphene oxide (GO) a derivative of graphene is a cheap material with large-scale production, the distribution of oxygen-functional groups on its large surface area makes it a promising material for various applications [13,14]. However, its limited properties, such as being an insulator, limited light absorption, and low carrier mobility, make it not worthy for integration with optoelectronic devices. For this reason, co-doping GO with heteroatoms (N, B, S, P, etc.) is an excellent way to rectify its intrinsic properties while retaining their active sites [15]. This process can offer several advantages, including high electrical conductivity, tunable band-gap engineering, and improved optical properties [15–19]. Co-doping GO with nitrogen (N) and boron (B) can remove a significant oxygen-functional groups, making GO comparable to rGO properties. These unique characteristics of NB co-doped reduced GO are owed to be functional with NiO for high-performance UV PDs. However, the underlying mechanism of their photoresponse is not fully understood and not common in the research field. For instance, only a similar study was investigated in p-NiO/n-rGO heterojunction for self-powered UV PDs [8].
Many photodetectors show two types of photoconductivity, positive photoconductivity (PPC) and negative photoconductivity (NPC) in I-V curve studies. Compared to the dark current (light illumination off), the PPC is an increase of conductivity when the active layer is exposed to light illumination, and it is ubiquitous on most PDs. On the contrary, the decrease in the conductivity under illumination is well known as NPC, this unusual phenomenon was revealed recently in other PDs [20–24]. The origin of NPC was discussed through several research studies in 2D materials, organic and inorganic semiconductors, graphene-based materials, and halide perovskites. Many studies have discussed some fundamental implications for the generation of NPC [25]. Likewise, the origin of NPC in photodetectors-based materials has a significant effect toward various applications such as communication, space exploration, and environmental monitoring[21,26]. On the other hand, some photodetector devices revealed the presence of both PPC and NPC [27–30]. The coexistence of PPC and NPC can be switched by modifying several factors such as the applied bias voltage, light wavelength, relative humidity, light power, and temperature [27,28,30–32]. This concept can provide a functional device that could be employed in control of logical operations (design of logic gates such as negated AND gates and negated OR gates), low power PDs, and high-speed frequency response PDs. Nevertheless, the switching between PPC and NPC in NiO/NB-rGO UV PD devices is state of the art and may help achieving future high-performance UV PDs.
In this paper, a low-cost NiO/NB-rGO nanocomposite was fabricated by an easy chemical method. The choice to mix NiO with NB-rGO in our study is driven by the intention to create a composite material that combines the advantages of both components such as enhanced band gap engineering, better synergistic effects, good stability and sensitivity, and match material compatibility. This novel approach aims to address the limitations associated with individual materials and create a high-performance UV photodetection platform. The morphological, structural, and optical characterizations were investigated using SEM, TEM, XRD, Raman spectroscopy techniques. Moreover, the UV photodetection results are presented to investigate their photoresponse (responsivity, time speed, detectivity) to UV light. In particular, the plotted I-V curves elucidated the coexistence of PPC and NPC in the NiO/NB-rGO device, which is accompanied by discussion and a possible mechanism. Additionally, the noise current was studied to ensure the performance of our photodetector.
2. Experiments
2.1  Synthesis of NiO/NB-rGO and device fabrication
First, graphene oxide (GO) was synthesized following the modified Hummers method from the graphite powder [33]. The NB-rGO synthesis was carried out by mixing 15 mg of boric acid with 15 mg of urea as boron and nitrogen precursors respectively in 10 mL of ethanol. The suspension was added to 300 mg of graphene oxide and kept under sonication for 10 hours at 80 °C. The mixture was washed by rinsing and centrifuging with HCl and then distilled water several times. Subsequently, the obtained product dried at 80 °C overnight.
The co-precipitation of the nanocomposite was made first by the dissociation of hydrated nickel nitrate 3 g NiNO3.6H2O with 0.03 g of NB-rGO in 125 mL of distilled water and stirred for 40 mins at 50 °C. Afterwards, 10 mL of 0.1 M NaOH was added drop wise to the solution until a pH equal to 8 was reached. The final product was washed and dried at 80 °C. Eventually, the nanocomposite powder was calcinated at 400 °C for 3 hours. 
[bookmark: _Hlk149809384]Finally, the NiO/NB-rGO UV photodetector was fabricated as follows: A layer of indium gallium (InGa), used as a cathode, was deposited on a glass substrate using the evaporation method, and then the active layer of NiO/NB-rGO was spin coated. Finally, the anode side was completed by deposition of the Cu /Zn pattern (size =0.5 mm) as a Schottky contact. The process of fabricating the UV photodetector (PD) based on NiO/NB-rGO nanocomposite is depicted schematically in Figure 1.
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Figure 1. Schematic representation of fabricated NiO/NB-rGO UV photodetector.

2.2  Material Characterizations and electrical measurements
The morphological and structural characterizations were investigated by several techniques such as SEM, TEM, XRD and Raman spectroscopy. The morphological analysis was carried out using Scanning Electron Microscopy Quanta 450 from FEI (a subsidiary of Thermo Fisher, Hillsboro, US) and transmission electron microscopy (TEM, JEOL JEM 2100F). The structural characterizations were analyzed with X-ray diffraction (XRD, Philips X'Pert) equipped with a copper source (Cu-Ka radiation, λ= 0.154187 Å) in the 2θ range of 5–80, and Raman spectroscopy (Renishaw plc) coupled to a confocal Leica DM2500 microscope (Leica Microsystems GmbH) using a green laser at the wavelength of 514 nm. The photoresponse of the device (NiO/NB-rGO nanocomposite) was studied under UV light of wavelength 375 nm at different power density using SR 830 lock in Amplifier. PSM 1735 frequency response analyzer were performed to characterize the current noise.
3. Results and discussions
3.1 Morphological and structural characterization
3.1.1  Scanning electron microscopy (SEM)
The two SEM micrographs shown in Figure 2 confirm that NiO and NB-rGO exhibit different morphologies. Figure 2a presents the prepared NiO film annealed at 400 °C for 3 h, it shows that NiO nanoparticles form a porous film. Figure 2b shows a 2D graphene film, the crinkled structure of NB-rGO could be attributed to the defective material resulting from the reduction and doping of boron and nitrogen via annealing at 80 °C.  
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Figure. 2 SEM images of (a) NiO and (b) NB-rGO.
3.1.2 Transmission electron microscopy (TEM)
[bookmark: _Hlk150167841]Transmission electron micrographs were obtained by dipping the copper grid in a sample suspension dispersed in ethanol with ultrasonication. The micrographs are depicted in Figure 3. Figure 3a illustrates the dark spots representing NiO nanoparticles, each exhibiting an average size of approximately 38 nm. Particle sizes were calculated individually through TEM analysis, as depicted in the following figure. TEM micrograph confirms an intercalation of NB-rGO nanosheets in the NiO matrix. Particularly, the separated micrograph of NB-rGO with their SAED pattern is displayed in Figure 3b. The micrograph clearly shows the corrugations present in NB-rGO nanosheets with significant porosity. The SAED presents a well-defined ring pattern with a dispersed bright spot, which can be ascribed to the structural distortion present in NB-rGO, induced by co-doping of nitrogen and boron in the graphene plane [34].
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Figure. 3 TEM images of (a) NiO/NB-rGO, (b) NiO nanoparticles size, and (c) NB-rGO with SAED pattern.
3.1.3  X-ray diffraction (XRD)
Figure 4 shows the XRD diffraction of the NiO, NB-rGO, and NiO/NB-rGO samples. The presence of NiO nanoparticles with high crystallinity, confirmed by the appearance of broad peaks at 37.6° (111), 44.85° (200), 63.2° (220), 76.6° (311) and 80° (222) [35,36]. The diffraction peaks match with cubic phase of NiO (ICDD card number: 73-1519), with a lattice constant a = 4.168Å belonging to Fm-3m space. Furthermore, the average crystallite size of NiO nanoparticles was calculated using the Scherrer formula:
    (1)
Where D is the crystallite size, 𝜆 is the X-ray wavelength (= 0.154056 nm), K is the dimensionless shape factor (= 0.9), 𝜃 is the Bragg diffraction angle, and 𝛽 is the full width at half-maximum (FWHM, in radian) of the diffraction peak. The average crystallite size of NiO nanoparticles, was found to be ~ 20 nm. On the other hand, the X-ray diffraction (XRD) pattern of the NiO/NB-rGO nanocomposite displays distinctive broad peaks corresponding to the diffraction peaks observed in the case of NiO nanoparticles, respectively. In fact, the broad peaks clearly demonstrate the assembling of NiO with NB-rGO nanosheets. This type of assembling may be reduced the agglomeration of NiO nanoparticles. This deduction is supported by the observed reduction in the average crystallite size of the NiO nanoparticles within the nanocomposite in comparison to the pristine NiO nanoparticles, which measured approximately 3.89 nm.
The diffraction of NB-rGO displays two peaks, the first peak at 11° (001) refers to the amount of oxygen functional groups existing in the sample, whereas the peak at 23° (002) indicates the successful reduction of some oxygen functional groups with the presence of N and B dopants in the honeycomb graphene structure[37,38].
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Figure. 4 XRD diffraction of NiO, NB-rGO and NiO/NB-rGO.

3.1.4  Raman spectroscopy
The structural information of samples was further investigated by Raman spectroscopy. Figure 5 shows the Raman spectra of NiO, NB-rGO and NiO/NB-rGO nanocomposite in the range of 250 to 3000 cm-1. The two broad peak at 518 cm-1 and 1058 cm-1 appear in all samples, which involve the Ni-O stretching mode 1 LO mode and two phonon 2 LO mode [39]. On other hand, the two G and D bands of NB-rGO appear in the nanocomposite at 1570 cm-1 and 1339 cm-1, the G band refers to the first order scattering of E2g phonon of sp2 C atoms at the Brillouin Zone center and is present in all sp2 bonds in a graphitic network, while the D band is associated to the vibrations of carbon atoms with dangling bonds in disordered graphite planes and the defects incorporated into pentagon and heptagon graphite-like structures. The existence of a weak G and D band in NiO/NB-rGO reveals the presence of NB-rGO with a low percentage in the NiO matrix, which confirms the TEM results.
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Figure. 5 Raman spectra of NiO, NB-rGO and NiO/NB-rGO.
3.2 UV photodetection measurements
Figure 6a shows the I-V characteristics of the NiO/NB-rGO device under dark and UV illumination of 375 nm at room temperature with different power. Results indicate the appearance of a typical Schottky junction at the interface between the NiO/NB-rGO nanocomposite and the Cu electrode. It is well seen that the zero current does not lie at zero voltage but shifted to the left. This behavior means that a photocurrent exists even at a zero voltage; it is a result of the strong electric field within the depletion zone, facilitating the flow of photogenerated current [40].

The ambient oxygen molecules are captured by the p-type surface of the NiO/NB-rGO nanoparticles, acquiring free electrons in the process  [9,41]. As a result, a less conductive depletion layer is created on the surface. Under UV illumination, compared to the dark current, the photogeneration carriers current raised with increasing power. The photogenerated holes move towards the surface along the bending band, liberating physically adsorbed oxygen ions , which leads to a reduction in the depletion layer. Consequently, this process amplifies the current flow through the sample. 
Surprisingly, it is obvious that the device revealed a distinctive phenomenon, as positive and negative photoconductivity (PPC and NPC) appeared depending on the intensity of the applied forward bias. While PPC appeared in the range of -3 V to 1.5 V, an unexpected NPC occurred in the 1.5 V to 3 V bias. 
We postulate that the presence of negative surface charges inhibits electrons from occupying traps. This effect leads to saturation, which subsequently drives an increase in the photocurrent. Consequently, the positive photoconductance (PPC) is increasing and suddenly disappears at 1.5 V forward bias. Subsequently, the negative photoconductance (NPC) occurs when exposed to stronger positive forward bias[42].Haut du formulaire

[image: ]

Figure. 6 I-V curves of NiO/NB-rGO devices under dark and UV light with different power. 

The photogeneration of electrons carriers and the low electron-hole pair recombination rate led to creating a PPC. The conductivity of NB-rGO plays a significant role in preventing the recombination of electron-hole pairs and thus separates electrons [8].
On the other hand, for the observed NPC, the decrease in current below the one registered under dark may attributed to two effects. First, as confirmed by Hamdaoui et al.[43], defects including oxygen vacancies and Ni interstitial present in NiO nanoparticles may affect energy band gap levels. These defects can trap the carriers in energy band gap levels. Second, nitrogen (N), boron (B) dopants and residual oxygen functional groups play a significant role in the electronic properties of rGO. Moreover, as confirmed by Hamza Mousavi et al, N and B dopant concentration decreases the electrical conductivity in rGO under the high temperature induced by UV illumination, which can explain the transition to NPC [44]. All these effects allow concluding that the UV light activates the carrier traps-states under forward bias voltage (up to 1.5V), and ultimately implies the NPC  [29,32]. 
The mechanism of these two processes is explained in Figure 7.
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[bookmark: _Hlk141779476]Figure. 7 PPC and NPC mechanism. 

The NiO/NB-rGO device shows a good repeatability and stability with 3 cycles under pulsed UV light at -1 voltage bias, as elucidated in figure 7. We notice a fast increase in the photocurrent until saturation at 1.9 µA when the UV light is on, while a sudden drop in photoresponse is observed in case the UV light is off. Consequently, the UV light excited the trapped electrons in defect levels to the conduction band, which lead to enhance the photoresponse of the device. On the one hand, to describe the better photoresponse of this device more clearly, it is necessary to determine the rise and fall times. The rise time is defined by the change from 10% to 90% of its maximum photocurrent value, whereas the fall time is the transition from 90% to 10% of its minimum photocurrent value. The fabricated NiO/NB-rGO device reveals a fast rise/fall time response of 1.37 s and 2.17 s, respectively. The device shows faster dynamics than results found in the literature (as seen in Table 1). The fast rise/fall time can be attributed to photogenerated carriers going through a direct band-to-band transition.
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Figure. 8 Photoresponse of NiO/NB-rGO device under pulsed UV light at -1 V.

Table. 1 Comparison between NiO/NB-rGO UV PD with other studies.
	Materials
	Rise time (s)
	Fall time (s)
	Responsivity (A/W)
	Detectivity (Jones)
	Ref.

	NiO/NB-rGO
	1.38
	2.17
	800
	9.4×1011
	This work

	Cu/ZnO annealed
	0.8
	3
	40.12
	6.98×1010
	[45]
	1% rGO/ZnO nanowires
	28.46
	9.76
	1.83
	-
	[46]
	Ni-doped ZnO
	5.52
	12
	121
	3.7×1010
	[9]
	Graphene -TiO2 NTs
	15
	90
	20
	1.9×1010
	[47]

 
The dependence of the photocurrent versus incident power UV light in NiO/NB-rGO is presented in Figure 8a. The fitted equation of curve could be expressed by the power law , where A represents the proportionality constant, 𝞱 is the photosensitivity of the device, 𝞱 is ascribed to the recombination of electron-hole pairs and trapping of the charge carriers in our device [48]. The 𝞱 value of NiO/NB-rGO device is around 0.75. As 𝞱˂1, that indicates the presence of defects in our sample, which may contribute to trapping of carriers [30]. 
The responsivity R is one of parameters that evaluate the performance of our device. On the other side, detectivity signifies the ability of a photodetector to detect a weak optical signal. R and D* can be expressed by the following relations:
   (2)         (3)
Where  is the photocurrent, Pi presents the incident UV light power density, S is the active area of the device, q is the electric charge, and ID is the dark current. Figure 8 b and c reveal a decrease in responsivity and detectivity of NiO/NB-rGO device with increasing power illumination, this aspect was common in other studies [9,45,49]. The calculated values of R and D* are 800 A/W and 9.4×1011 Jones, respectively under -1 V reverse bias. 
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Description générée automatiquement]Figure. 9 (a) Dependence of photocurrent on UV incident light power at 1V, (b) Responsivity and (c) detectivity of NiO/NB-rGO device to different UV light power at -1 voltage bias.
Besides these critical parameters for the photodetector (PD), controlling noise is considered the most prominent aspect for the effective operation of a PD. Within metal oxide devices, various types of noise exist, including shot noise, thermal noise, generation-recombination noise, and 1/f noise [45]. Particularly, 1/f noise plays a significant role in many photodetectors due to its unique characteristics. This type of noise is commonly crucial at lower frequencies, but it can also transition to higher frequencies through up-conversion. Figure 6a shows the noise power density of NiO/NB-rGO within 1 Hz to 1 kHz under various reverse bias from -0.5 V to -3 V, where the sample was exposed to UV illumination. Generally, the flicker noise is mostly present in our device. As a result, various impurities found in our sample, such as interstitial nickel and oxygen vacancies, can influence the 1/f noise spectrum [50,51]. The obtained noise power spectral density against frequency could be adequately fitted using the following Hooge-type equation:
  (4)
where Sn (f) is the spectral density of the noise power, S0 is a constant, Id is the dark current, f is the frequency, and α and  are the fitting parameters. Based on the measured noise power density Sn (f), which aligns with the  fitting line, the measured curves indicate that the value of α remains close to 1 across the entire range of tested frequencies, suggesting a consistent distribution of energy among trapping states. In addition, it is clearly seen that SI (f) decreased to 10-19 A2/Hz at reverse bias of -1V, which is comparable to the minimum noise spectral density of other similar UV photodetectors [7,9,45].
On the other hand, the noise equivalent power (NEP) is another crucial parameter, which defines the weakest optical power that a photodetector can distinguish from the background noise. NEP is calculated using the following formula:
   (5)
Where  is the average noise current for given bandwidth B, and R is the responsivity.
          =
                       =+
          =  (ln ()  (6)
    The calculated NEP for our sample varies between 6.6710-11 and 5.7510-9 W.Hz1/2 (as shown in Figure 10(b)), which demonstrates its ability of to detect weak light signals.
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Figure. 10 (a) Measured low frequency noise power density under various reverse bias upon exposure of UV illumination, (b) the calculated noise equivalent power NEP under reverse bias.




4. Conclusion
In conclusion, a NiO/NB-rGO nanomaterial was synthesized using the co-precipitation method under specific operating conditions. This approach offers a cost-effective means to produce high-performance UV photodetectors. The fabrication of the device involved depositing NiO/NB-rGO onto a glass substrate, followed by the deposition of Cu and InGa electrodes using the spin-coating method. Subsequently, the NiO/NB-rGO active layer was exposed to 375 nm light at different power levels. The I-V curve revealed the unusual coexistence of positive and negative photoconductivity (PPC and NPC), which was further discussed and summarized with by introducing a schematic mechanism. The results demonstrated the excellent stability, repeatability, high responsivity, good detectivity, fast dynamic response, and low noise current in our hybrid nanomaterial. These remarkable characteristics make the NiO/NB-rGO photodetector well-suited for large-scale production of UV-PDs due to its ease of preparation. Furthermore, the bias switchable photoconductivity adds an additional layer of functionality to these photodetectors, marking them a promising tool for the next generation of optoelectronic devices.
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Figures captions
Figure. 1 Schematic representation of Fabricated NiO/NB-rGO UV photodetector.
Figure. 2 SEM images of (a) NiO, (b) NB-rGO.
Figure. 3 TEM images of (a) NiO/NB-rGO, (b) NiO nanoparticles size, and (c) NB-rGO with SAED pattern.
Figure. 4 XRD diffraction of NiO, NB-rGO and NiO/NB-rGO.
Figure. 5 Raman spectra of NiO, NB-rGO and NiO/NB-rGO.
Figure. 6 I-V curves of NiO/NB-rGO devices under dark and UV light with different power. 
Figure. 7 PPC and NPC mechanism.
Figure. 8 Photoresponse of NiO/NB-rGO device under pulsed UV light at -1 V.
Figure. 9 (a) Dependence of photocurrent on UV incident light power at -1V, (b) Responsivity and (c) detectivity of NiO/NB-rGO device to different UV light power at -1 voltage bias.
Figure 10. (a) Measured low frequency noise power density under various reverse bias upon exposure of UV illumination, (b) the calculated noise equivalent power NEP under reverse bias.

Table captions
Table 1. Comparison between NiO/NB-rGO UV PD with other studies
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