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Abstract

:

We synthesized a boron-doped reduced graphene oxide (BrGO) material characterized by various electrical properties, through simultaneous thermal reduction and doping procedures, using a metal–organic chemical vapor deposition technique. X-ray photoelectron spectroscopy (XPS) was used to study the impact of the doping level on the B bonding in the reduced graphene oxide (rGO) layer that is influenced by the annealing temperature. The synthesized BrGO layer demonstrated a high B concentration with a considerable number of O-B bonds, that were altered by annealing temperatures. This resulted in a decreased work function and the formation of a Schottky contact between the BrGO and n-type Si substrate. Due to the higher proportion of B-C and B-C3 bonding in the BrGO/Si device than that in the rGO/Si, the decreased Schottky barrier height of the BrGO/n-Si vertical junction photodetector resulted in a higher responsivity. This study showcases a promise of a simple B-doping method in use to alter the electrical characteristics of graphene materials.
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1. Introduction


In recent years, many studies have focused on the various methods of forming graphene oxide (GO) materials to enhance their electrical properties by adjusting the functionalization with metal, metal oxide, or interstitial/substitutional doping with heteroatoms, such as nitrogen (N), phosphorous (P), boron (B), or antimicrobial peptides [1,2,3,4,5,6]. By applying a specific temperature, plasma treatment, electric field, and heteroatom dopant, GO can be transformed from an insulator into an n- or p-type semiconductor [7,8,9].



Our group has successfully achieved N- and Ga-doped reduced graphene oxide (rGO) through a metal–organic chemical vapor deposition (MOCVD) system using NH3 gas and a triethylgallium (TEGa) as the N and Ga source, respectively [10,11]. The N-doped rGO materials were obtained using different doping levels with varying NH3 flow rates at identical annealing temperatures in the MOCVD system. The doping pulse mode was used to control the dopant composition of the Ga-doped rGO. The system efficiently produced doped rGO using various variables, such as the dopant source types, dopant source volumes/rates, and annealing temperatures. Temperature was found to have a significant effect on the doped materials’ electrical properties. Among the various heteroatom-doped graphene materials, B-doped rGO (BrGO) has rarely been investigated for their responses to different annealing temperatures in MOCVD system at identical dopant sources.



Lv et al. synthesized boron-doped graphene (BG) using bubbler-assisted chemical vapor deposition (CVD) and the resulting BG sheets demonstrated enhanced sensitivity when detecting toxic gases, such as NO2 and NH3 [12]. Furthermore, several research groups have reported chemically synthesized methods for B-doped rGO in aqueous solutions, such as boric acid or boron oxide [6,13,14,15]. Yeam et al. reported that high concentrations of B atoms in BrGO annealed at high annealing temperatures increased the carrier concentrations, resulting in an improved specific capacitance [7]. According to Sahoo et al., the SnO2/BG anode in a Li-ion battery exhibited enhanced stability over cycles and improved reversible capacity due to the increased B doping [13]. Prior studies concerning BrGO properties have frequently been conducted in a powder or solution form [13,14,15,16]. However, these forms’ processes are inappropriate for large-scale processing when using BrGO in optoelectronic devices. To address this issue, we introduced a technique for manufacturing wafer-scale BrGO materials using the MOCVD system, with triethyl boron (TEB) as the metal–organic B precursor. This technology offers significant potential for the application of BrGO materials in optoelectronic devices.



Ultraviolet (UV) photodetectors utilize chemically stable and highly resistant materials with a large energy bandgap, such as GaN, SiC, AlGaN, and ZnO [17,18,19,20,21]. Unfortunately, the comparatively low-quality epitaxial layer of these materials limits their potential for high-speed UV sensing as it causes the slow recovery of the photocurrent. Si photodetectors have a high-speed detection capacity but function poorly in UV due to a high reflection coefficient and a low UV light penetration into the material. Si–Schottky junctions may be required for enhancing the surface layer with large absorption or reflection while enabling effective separation and rapid charge collection. The formation of Si–Schottky junctions with Ag nanowires, PtSe2, graphene, rGO, and metal nanoparticles has been shown to effectively decrease surface recombination [22,23,24,25,26].



Many studies have employed graphene- and rGO-based materials as active materials for photodetection [27,28,29,30]. Chitara et al. demonstrated the rGO photoresponse in UV (at 360 nm) and infrared (IR) (at 1550 nm) regions, and the photodetection responsivity was 0.12 A/W and 4 mA/W with external quantum efficiencies of 40% and 0.3%, respectively [16,27,28]. Lai et al. reported that two rGO-based photodetector devices annealed at two different temperatures demonstrated a broadband photoresponse from 290 nm to 1610 nm, covering UV to IR [29]. The device showed less responsivity and a longer response time in the near-IR region than in the UV-to-visible regions. Li et al. demonstrated that the rGO/n-Si p-n vertical heterojunction structure with a Schottky contact displayed a high photoresponsivity and fast response toward UV–near-IR light with zero power consumption [26].



We characterized the electrical properties of BrGO at various annealing temperatures with respect to simultaneous thermal reduction and doping processes via the MOCVD system. The B-bonding level of the BrGO layer was determined using X-ray photoelectron spectroscopy (XPS) based on the B1s and O1s peaks. The relationship between the doping level of the BrGO layer and the device properties led to the discovery of the reliance of BrGO layers on doping levels in n-type Si/BrGO Schottky diodes.




2. Materials and Methods


The synthesis of a 0.5 g/L GO solution using the modified Hummer method was described in a previous work [11]. The prepared uniform GO layer was spray-coated onto a cleaned 450 µm thick n-type Si substrate. The thickness of the GO layer (20 nm) was measured by atomic force microscopy (AFM) [11]. To produce the rGO layer, the as-prepared GO layers were annealed in hydrogen ambient for 10 min inside the MOCVD system at 600, 700, and 800 °C, respectively. The rGO layers were thinner (~10 nm) than the GO layers because annealing eliminated the oxygen functional groups. The BrGO layer was made using the TEB precursor (B(C2H5)3, SAFC Hitech Ltd., Kaohsiung, Taiwan) as a dopant, injected at a rate of 5 sccm. The effect of annealing temperatures on the doping level of the BrGO layers was investigated, as denoted by BrGO-600, BrGO-700, and BrGO-800, respectively. Figure 1a shows the MOCVD doping and annealing processes. Using an ultrahigh vacuum chamber (0.933 kPa) and an Al Kα radiation source (1486.8 eV), chemical bonding was analyzed using XPS (AXIS-Nova, Kratos, Kyoto, Japan). With the incidental carbon C1s peak at 284.8 eV serving as a reference, the binding energy values of XPS spectra were determined. Utilizing a He I ultraviolet source (hυ = 21.2 eV), ultraviolet photoelectron spectroscopy (UPS, AXIS-Nova, Kyoto, Japan) was used to measure the work function. Using gold as a reference and an applied bias voltage of −15 V, the work function value was measured from the secondary-electron cut-off. X-ray diffractograms (XRD) were obtained using a Cu Kα incident beam (λ = 0.1541 nm) operated at 40 KV and 15 mA, monochromated by a nickel filter. For XPS, UPS, and XRD analysis, the samples were prepared by rGO or BrGO onto a precleaned Si substrate. The optical absorption was measured using a JASCO V-570 UV-visible-NIR spectrophotometer (JASCO, Easton, MD, USA).



For the characterization of the n-Si-based photodetector devices, a 300 nm thick SiO2 layer on the n-Si substrate was shaped into a 600 µm × 450 µm rectangle using photolithography and treated with buffered oxide etch solution to bond the metal. The rGO or BrGO layers were added to the SiO2/n-Si substrate using the spray-coating and MOCVD doping methods. The active area of the photodetector devices (approximately 650 µm × 600 µm) was defined using photolithography and an oxygen-plasma etching by an inductively coupled plasma-reactive ion system. Subsequently, Cr/Au (20/150 nm) was deposited on the front rGO or BrGO electrode on the patterned SiO2 layer by electron beam deposition. The device structure is shown in Figure 1b. In-Ga eutectic paste in contact with a Cu foil was used for the rear electrode. The current-voltage (I–V) characteristics were evaluated with a semiconductor analysis system (Keithley 4200-MS tech, Hawseong, Republic of Korea) under exposure of a 385 nm UV LED. The responsivity spectrum was measured by an Oriel Cornerstone 130 1/8 m monochromator as a light source and a Xenon lamp (450 W).




3. Results


3.1. Impact of Annealing Temperature


Figure 1c,d depict the XPS spectra of rGO and BrGO annealed at different temperatures, illustrating the role of the B dopant during the thermal reduction of rGO in the MOCVD system. The successful doping of B atoms in the rGO crystalline network is demonstrated by the emergence of the B1s peak in the BrGO XPS spectra. The peaks at 284, 530, and 180 eV on wide-scan spectra correspond to carbon (C), oxygen (O), and B atoms. B atoms comprise 0.79%, 2.43%, and 4.52% of the BrGO samples annealed at 600 °C, 700 °C, and 800 °C, respectively. To learn more about the chemical configuration of the C, O, and B atoms in the XPS spectra, these peaks were deconvoluted and are displayed in Figure 2 and Figure 3. Every fitting parameter was adjusted according to the literature. The XPS C1s spectra of rGO consisted of five types of components: C–C (284.6 eV), C–O, or C–OH (285.6 eV), C=O (287.2 eV), O=C–OH (288.9 eV), and O–C=O (291.2 eV), as shown in Figure 2a–c [13]. The C/O ratio of the rGO samples was ~1.58 (rGO-600), 2.25 (rGO-700), and 2.98 (rGO-800), respectively. Figure 2d,e show that the O1s peak can be fitted into three peaks corresponding to O=C (531.5 eV), O–C (532.6 eV), and C–OH (533.6 eV), respectively [13]. The proportion of C=O bonds decreased as the annealing temperature increased. The BrGO samples displayed an additional peak at 282.8 eV, indicating C–B bonds due to the B-doping, as shown in Figure 3a–c [31,32,33]. Agnoli et al. reported that B-doped graphene material includes various functional groups ranging from substitutional B to boronic (C=B–OH) and borinic (C–B=OH) esters and organo-borane (C–B–H) according to the Ball model of BG [34]. The B/C and O/C area ratios in the XPS C1s peak were 0.02 and 0.37 for BrGO-600, 0.16 and 0.29 for BrGO-700, and 0.35 and 0.36 for BrGO-800, respectively. The annealing temperature increased with the reduction of the oxygen functional groups in rGO; however, the XPS C1s spectra of both BrGO-700 and BrGO-800 samples show an oxygen bonding portion with a high annealing temperature due to an increase in both boronic and borinic bonds. The XPS O1s spectra showed four-component peaks corresponding to C=O (531.6 eV), C–O (532.4 eV), C–OH (533.2 eV), and B–O (533.9 eV), as shown in Figure 3d–f [33,35]. The existence of B–O bonds in the BrGO-600 layer indicated that there were B-doped rGO domains within the BrGO. The BrGO-800 layer has a lower C-OH bonding component, which caused an increase in both boronic and borinic bonds compared to the BrGO-700 layer. The deconvolution of the XPS B1s spectra at 187.6, 188.3, and 189.1 eV revealed the B–B, B–C, and B–O bonds, as shown in Figure 3g–i [36,37]. The intensity of XPS B1s peak enhances with increased annealing temperature; the B–C bonding in the BrGO layer means that the substitutional B dopant is attached to the rGO layer. The XPS spectra showed that the BrGO layer was formed using the MOCVD system under the aforementioned annealing temperature conditions.



The ability of modify the work function of rGO materials is highly anticipated because this electrical parameter crucially affects optoelectronic device performance. The synthesis and reduction methods used, which typically result in varying aromatic sizes, degree of defect, and number of functionalized groups on the rGO layers, cause a significant change in the work function value [11]. We investigated the effect of the B dopant and the annealing temperature on the tunability of the work function value. Figure 4a,b show the effect of the B atom as well as the annealing temperature on the BrGO layer, as determined by UPS. The work function (Φ) was expected from the empirical relation shown in Equation (1):


Φ = hυ − (EF − Ecutoff)



(1)




where hυ, EF, and Ecutoff are the photon energy of the incidental light (21.22 eV), the Fermi level edge, and the measured secondary electron cutoff or inelastic low-kinetic-energy cutoff, respectively [11]. The Ecutoff and EF values are obtained from the UPS spectra. The work function values of the rGO samples were 4.84 (rGO-600), 4.24 (rGO-700), and 4.14 eV (rGO-800). The value of the work function decreased as the annealing temperature increased, since the higher the annealing temperature, the more oxygen functional groups are removed [29]. The work function values of BrGO samples were 5.12 (BrGO-600), 4.95 (BrGO-700), and 4.88 eV (BrGO-800). Previous studies have reported that heteroatom-doped rGO has a higher work function value than the rGO, and the work function value is dependent on the doping concentration [11]. These findings suggest that the B atoms were doped into rGO layers to form a BrGO layer and that the work function of the BrGO sample depends on the B atom concentration.



Electrical transport evaluations of rGO-800 and BrGO-800 were conducted in a vacuum to reveal the doping effect. As stated when describing device fabrication, the rGO (with and without B-doping) field-effect transistor (FET) devices were manufactured with a back gate on 300 nm thick SiO2/Si substrates with 30/100 nm Cr/Au pads [11]. The rGO layer acts as a channel with a length of 20 µm and a width of 350 µm. The I-V characteristics were measured in a vacuum at approximately 1 × 10−4 kPa. The drain-source current (Ids) versus gate voltage (Vg) and the typical characteristics of rGO back-gate FETs are displayed in Figure 4c,d. The rGO FETs exhibit p-type behavior because the Dirac point (VDirac), which is the minimum Ids value, showed a positive voltage [11]. The VDirac is approximately 8 V for rGO-800 and 23 V for BrGO-800, which implies p-type behavior. The Dirac point shift suggests that B-doping reflects p-type doping properties. There is an energy band gap with a Fermi level that is lower than the Dirac level due to the presence of the B atom. This means that a dipole moment was produced on the surface of the rGO layer by the dopant [38]. Based on the XPS results, we hypothesize that the oxygen atoms bonded to the B atoms prompted the doping-induced shifts in the Dirac point. We considered both BrGO-600 and BrGO-700 layers to verify the p-type characteristics (results not shown). Consequently, we believe that GO can be concurrently reduced to form rGO and doped with B using MOCVD, making it feasible to manufacture wafer-scale graphene-based optoelectronic devices.



The presence of B atoms in the rGO layer was confirmed by energy-dispersive X-ray spectroscopy (EDS) mapping of scanning electron microscopy (SEM) images, as shown in Figure 5. The BrGO layers showed the folding/wrinkle on surface owing to the spray-coated BrGO method. The surface layers’ red color is from the B atoms within B-K emissions. As a result, we believe B atoms were present in the rGO layer.



Figure 6 displays the UV-Vis absorption spectra of rGO and BrGO at different annealing temperatures. Generally, GO exhibits a peak at approximately 200 nm, which corresponds to the π-π* transition of the sp2 C–C bond. The peak of the rGO layer at different annealing temperatures shows a clear red shift of approximately 270 nm. The red shift is explained by the increase in sp2 content within the rGO caused by annealing [29]. Despite their different annealing processes, all the rGO layers have similar peak positions and absorption values. The BrGO samples showed an absorption peak of approximately 270 nm, which corresponds to the restoration of electronic conjugation on reduction, similar to the rGO layers annealed at different temperatures. However, the BrGO absorption values are higher than those of rGO [1,39]. The BrGO-800 sample did not show a peak because of the linear absorption spectra and B dopant atoms that suppress light absorption. Yang et al. reported that an increase in the doping level reduces red shift because doped free carriers enhance screening and consequently reduce electron–hole interactions [40]. The n to π* transitions in the C=B or C–B and C=O bonds may be connected to substitutional B doping levels, which could be the cause of the linear absorption spectra in BrGO. This indicates the heterogeneous distribution of B atoms in the carbon network of the rGO sheets and correlates to the electron transfer from B states to the π* states [41]. The absorption spectra of BrGO in the UV region (200–400nm) seem to have depended on the increased annealing temperature. There was a consistent decrease in light absorption from 400 nm to 800 nm, which is attributed to the minimization of sp2 C–C domains in the BrGO sheets. This implies that BrGO synthesized at a high annealing temperature can function as the active layer of a photodetector device in the UV region.




3.2. Electrical Characterization of BrGO/n-Si


Figure 7 shows the electrical properties of the rGO and BrGO layers on n-type Si devices annealed at different temperatures under dark conditions. The semi-logarithmic I–V curves of the rGO/Si and BrGO/Si diodes show Schottky behavior. The diode characteristic of the Schottky junction is described using the thermionic emission (TE) theory from dark I–V curves to verify related parameters such as the Schottky barrier height and work function as follows:


I = Is [exp(eV⁄nkT) − 1]



(2)




and:


Is = AA* T2 exp((−eΦSBH)/kT)



(3)




where Is, e, n, k, T, A, ΦSBH, and A* is the saturation current, the electronic charge, the ideality factor, the Boltzmann constant, the absolute temperature, the active area, the Schottky barrier height, and the Richardson constant of Si (~112 Acm−2K−2), respectively. Using TE theory, the Schottky barrier height of the rGO-600, rGO-700, and rGO-800 were calculated to be 0.73, 0.70, and 0.69 eV, respectively. The BrGO/Si devices also display the Schottky junction; however, the BrGO/Si device forms an ohmic junction at high annealing temperatures (over 900 °C). The calculated Schottky barrier height of Schottky devices was 0.68 eV for BrGO-600/Si, 0.66 eV for BrGO-700/Si, and 0.63 eV for BrGO-800/Si. These findings indicate that, when the doping concentration increases, the BrGO-800/Si junction of the Schottky barrier height is lower and the built-in electric field in the junction becomes weaker. This allowed us to predict the work function, which is the variation in value between the Schottky barrier height of the junction and the electron affinity of the n-Si concerning the rGO and BrGO layers. The estimated work function values were approximately 4.78 eV for rGO-600, 4.75 eV for rGO-700, 4.74 eV for rGO-800, 4.73 eV for BrGO-600, 4.71 eV for BrGO-700, and 4.68 eV for BrGO-800, as calculated using the Schottky–Mott theory. The work function values calculated from the Schottky barrier height appear to be similar to those obtained from the UPS measurements. This confirms that, as the annealing temperature increased, the work function value decreased. The elimination of oxygen functional groups and incorporation of B atoms into the rGO network were facilitated by increasing the temperature. This result demonstrates the advantages of the MOCVD method over the other approaches. We could effectively monitor the removal of oxygen functional groups that occurred simultaneously with the incorporation of B atoms into the rGO network using the MOCVD system. This opens up a new way to modulate the work function of rGO for optoelectronic device applications.



Figure 8a,b display the photoresponsivity of the devices measured under 385 nm UV LED illumination with variable intensity at zero bias voltage, under which conditions the rGO/Si heterojunction can be operated as a photovoltaic photodetector. Upon light irradiation, the photocurrent decreased with different light intensities from 0.52 to 0.07 mW/cm2. When the light was turned off and on repeatedly, the current immediately dissipated and recovered, demonstrating the reversibility of the photoresponsive phenomenon. The photocurrent depends on the intensity of the light source. All the samples exhibited fast photocurrent responses. For rGO, the photocurrent intensity decreased in the order rGO-700, rGO-600, and rGO-800, which corresponds to Schottky behavior with a Si substrate and a decrease in oxygen functional groups. The deoxygenation of GO was responsible for the decrease in the working mechanism of the rGO layers annealed at higher temperatures. According to previous studies, when numerous oxygen functional groups are withdrawn from GO during annealing, the work function value of the rGO layer decreases. In general, the photoexcited carriers can be transformed into an electric current in the rGO/Si device by exploiting the built-in field that accompanies the Schottky barrier to achieve fast separation and transportation of the photogenerated electron–hole pairs. The rGO/Si interface is well suited to delivering a relatively wide built-in potential (Vbi~0.5–0.7 eV) as well as a deletion region [42]. Therefore, the rGO layer (Si substrate) can receive the holes (electrons) when the absorbed photons are efficiently converted into a photocurrent. Consequently, a smaller valence band offset of the rGO-600/Si interface caused rGO-600 to have a higher work function value than rGO-700 [11]. The holes could be better injected into a smaller valence band offset of the rGO-600/Si device under irradiation, while electrons could be suppressed through higher energy height in the energy band. Compared to the rGO-600/Si device, the rGO-700/Si device had a high Is (saturation current) under dark conditions due to a reduced electron barrier, which is likely caused by the hole barrier blocking the photocurrent at the rGO-700/Si interface. The lower photocurrent values of the rGO-800/Si device imply that its calculated built-in potential is lower than the mentioned value of 0.5–0.7 eV. Consequently, the rGO-700/Si device’s improved photocurrent produces a lower Is than those of the rGO-600/Si and rGO-800/Si devices.



The photocurrent y-axis values of rGO were 10 times lower than those of BrGOs. The higher carrier concentration is probably due to the Hall measurement of the B-doped rGO materials. The carrier concentration value is 9.47 × 1012/cm3 for rGO-600, 3.49 × 1013/cm3 for rGO-700, 2.40 × 1014/cm3 for rGO-800, 6.29 × 1016/cm3 for BrGO-600, 1.01 × 1017/cm3 for BrGO-700, and 3.66 × 1017/cm3 for BrGO-800. Further, the sheer resistance of rGO-600, rGO-700, rGO-800, BrGO-600, BrGO-700, and BrGO-800 are 14.2 × 103, 10.3 × 103, 6.8 × 103, 8.2 × 103, 6.7 × 103, and 4.9 × 103 Ω/sq., respectively. These results show that the sheet resistance of the BrGO layer decreased with B doping and the properties of the rGO layer decreased with an increase in the C/O ratio. The photocurrent produced by the BrGO layer was influenced by both carrier concentration and sheet resistance. The photocurrent of the BrGO samples decreased in the order of BrGO-800, BrGO-700, and BrGO-600, which aligns with the Schottky behavior of the Si substrate, the lower Schottky barrier height between the BrGO/Si interface, and the increase in B. This photoactivity is attributable to various functional groups from the dopants [2]. The BrGO layer had low sheet resistance and higher carrier concentrations because of the substitutional boronic and borinic bonds in the rGO layer. Therefore, the photoexcited carriers could produce more photocurrent owing to the higher carrier concentration in the BrGO layer. Furthermore, the interface between BrGO and Si has a lower Schottky barrier height than the rGO/Si device, allowing photogenerated electron–hole pairs to easily transfer to the anode and/or cathode. Accordingly, we assumed that the BrGO-800/Si device could outperform the rGO-800/Si device in photocurrent efficiency.



Figure 8c,d show the response of the device measured over a spectrum from 300 nm to 650 nm at zero bias voltage. The responsivity values were reported by considering the proposed area given by the equation in the TE mode. The photoresponsivities of both the rGO/Si and BrGO/Si devices increased from 300 nm to 700 nm. The BrGO/Si devices have a higher responsivity over the entire spectrum than Si/rGO devices. In particular, at 400 nm, the responsivity of the BrGO-800/Si device was almost five times higher than that of the rGO-800/Si device. This highlights the considerable performance of BrGO/Si photodetector devices in the UV region at 385 nm. Based on the XPS B1s spectra of BrGO-800, we believe that the boronic and borinic bonding components (the proportion of B–C and B–C3 bonds) explain the Si/BrGO-800 device’s photodetector performance. Consequently, the lower work function resulted in a lower Schottky barrier height for BrGO-800/Si. Theoretically, incidental light is absorbed and produces electron–hole pairs, which are rapidly separated by the built-in electric field and subsequently transported to the electrodes under UV illumination. The device can operate at zero bias voltage because of the built-in electric field at the junction interface. A comparison of the photoresponse parameters with different materials from previously reported photodetectors is given in Table 1. In sum, BrGO/Si devices offer enhanced photodetector performance with a tunable work function and carrier concentration of B-doped rGO when annealed at different temperatures.





4. Conclusions


We successfully synthesized a BrGO layer using a controlled thermal annealing process in the MOCVD system. Despite the simultaneous thermal reduction and doping operations, XPS showed that the concentration of B atoms bonded to the oxygen atoms in the rGO sheets depended on the annealing temperature. Our research demonstrates that BrGO exhibits controllable electrical and structural features and doping may be used to modify the work function to improve the performance of optoelectrical applications.
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Figure 1. (a) Schematic illustration of BrGO with stimulated doping and annealing. (b) Proposed Si/BrGO vertical structure. XPS spectra of (c) rGO and (d) BrGO annealed at different temperatures. 
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Figure 2. XPS C1s spectra of rGO-(a) 600, (b) 700, and (c) 800. XPS O1s spectra of rGO-(d) 600, (e) 700, and (f) 800. 
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Figure 3. XPS C1s spectra of BrGO- (a) 600, (b) 700, and (c) 800. XPS O1s spectra of BrGO- (d) 600, (e) 700, and (f) 800. XPS B1s spectra of BrGO- (g) 600, (h) 700, and (i) 800. 
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Figure 4. UPS spectra of (a) rGO and (b) BrGO annealed at different temperatures. Source-drain current on bottom-gated field-effect transistor configuration versus gate voltage with (c) rGO-800 and (d) BrGO-800 layers measured in a vacuum. 
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Figure 5. SEM images of BrGO- (a) 600, (b) 700, and (c) 800. The EDS elemental mapping of the red B-K emissions from each sample are shown. 
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Figure 6. Absorption spectra of (a) rGO and (b) BrGO annealed at different temperatures. 
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Figure 7. I–V characteristics of (a) Si/rGO and (b) Si/BrGO devices with annealing temperature conditions. 
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Figure 8. Time-resolved photoresponse of the (a) Si/rGO and (b) Si/BrGO devices under 385 nm UV LED illumination with variable intensity at zero bias voltage. Spectral response of the (c) Si/rGO and (d) Si/BrGO devices were obtained at zero bias voltage. 
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Table 1. Comparison of parameters for photodetectors in previous report.
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Device

	
λ (nm)

	
Bias Voltage

(V)

	
Iph/Idark

	
Responsivity

(A/W)

	
Ref.






	
TiO2/rGO (5wt%)

	
375

	
3

	
0.12786

	
0.495

	
[43]




	
CdS NR/rGO

	
365

	
0

	
105

	
0.00058

	
[44]




	
ZnO NR/rGO

	
370

	
20

	
-

	
22.7

	
[45]




	
ZnO QD/rGO

	
370

	
20

	
-

	
0.35

	
[45]




	
Pd/rGO/Ti

	
375

	
0

	

	
0.00182

	
[46]




	
Ag/rGO/Ag

	
360

	
1

	
-

	
0.12

	
[27]




	
ZrO2-rGO/n-Si

	
365

	
2

	
-

	
0.63

	
[47]




	
rGO/n-Si

	
370

	
5

	
3 × 105

	
0.2

	
[48]




	
Al2O3/rGO/n-Si

	
365

	
0

	
1.1 × 108

	
0.2

	
[49]




	
rGO-600/n-Si

	
385

	
0

	
1.04 × 103

	
0.044

	
This work




	
rGO-700/n-Si

	
6.81 × 102

	
0.057




	
rGO-800/n-Si

	
6.37 × 102

	
0.052




	
BrGO-600/n-Si

	
5.92 × 102

	
0.108




	
BrGO-700/n-Si

	
3.99 × 102

	
0.146




	
BrGO-800/n-Si

	
4.92 × 102

	
0.238
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