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Abstract

:

Here, we report on using chemical vapor deposition to generate three kinds of gallium sulfide nanosheets, with thicknesses of approximately 10, 40, and 170 nm. Next, we performed Raman imaging analysis on these nanosheets to evaluate their properties. The 10 nm GaS nanosheets exhibited a nearly equal distribution of Raman imaging intensity, whereas the 40 and 170 nm GaS nanosheets exhibited an inclination toward the edges with higher Raman intensity. When the polarization of the laser was changed, the intensity of Raman imaging of the 10 nm thick GaS nanosheets remained consistent when illuminated with a 532 nm laser. Notably, a greater Raman intensity was discernible at the edges of the 40 and 170 nm GaS nanosheets. Three distinct GaS nanosheet devices with different film thicknesses were fabricated, and their photocurrents were recorded. The devices were exposed to light of 455 nm wavelength. The GaS nanosheet devices with film thicknesses of 40 and 170 nm exhibited a positive photoresponse even though the photocurrents were fairly low. In contrast, the GaS nanosheet device with a film thickness of 10 nm had a considerable current without light, even though it had a weak reaction to light. This study reveals the different spatial patterns of Raman imaging with GaS thickness, the wavelength of excitation light, and polarization. Remarkably, the I-V diagram revealed a higher dark-field current of 800 nA in the device with a GaS nanosheet thickness of approximately 10 nm, when using a voltage of 1.5 V and a laser of 445 nm wavelength. These findings are comparable with those theretical pretictions in the existing literature. In conclusion, the observation above could serve as a catalyst for future exploration into photocatalysis, electrochemical hydrogen production through water splitting, energy storage, nonlinear optics, gas sensing, and ultraviolet selective photodetectors of GaS nanosheet-based photodetectors.
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1. Introduction


There has been an increasing scholarly focus on examining binary or ternary monolayers composed of group III-VI sulfur-group compounds (GaX, X = S, Se, Te) [1,2,3,4,5,6,7]. In recent times, these materials have garnered attention because of their potential applications in significant domains, primarily owing to their band gap falling within the near-infrared to ultraviolet spectrum range [8,9,10,11]. Specifically, GaS is a semiconductor with a wide, indirect band gap. Experimental studies have reported varying values for the band gap, ranging from 2.34 to 2.62 eV [12,13,14,15,16,17], depending on the deposition process used. Additionally, bilayer GaS has been shown to have an indirect band gap of 3.02 eV [18], while monolayer GaS has a reported indirect band gap of 3.33 eV [19]. The current increased attention towards GaS can be attributed to its use in many applications, such as photocatalysis [6], electrochemical hydrogen generation through water splitting [20], energy storage [21], nonlinear optics [22], gas sensing [23], and ultraviolet selective photodetectors [24,25].



GaS holds significant prominence as a semiconductor within the III–VI group of compounds belonging to the sulfur genus [26,27,28,29]. The structural arrangement of GaS is characterized by a hexagonal lattice in which repeating units of S–Ga–S layers are present [30,31,32,33]. These layers are composed of hexagonal Ga3S3 rings in Figure 1e,f [31,32,33]. Each S-chalcogen atom is sp3 hybridized, with three of the sp3 orbitals forming Ga–S bonds; the remaining S-chalcogenide orbital is occupied by lone-pair electrons forming vdW interactions between layers, respectively [34].



The scientific community has shown significant interest in two-dimensional (2D) materials, due to their promising physical features and possible scientific applications. Nanodevices using 2D materials provide the advantage of circumventing the constraints imposed by Moore’s law, which predicts the continued miniaturization of electronic devices [31,32,33]. Furthermore, these nanodevices have promising potential for use in electronic devices characterized by a high mobility, large area coverage, and cost-effectiveness [35,36]. For example, graphene, a 2D substance, is presently the subject of extensive academic research because of its exceptional electrical, magnetic, optical, and mechanical characteristics [37,38,39,40].



Single- or few-layer transition metal sulfur compounds are currently the subject of extensive research and represent a prominent area of interest among two-dimensional (2D) materials [41,42,43,44,45,46]. These features play a crucial role in various domains, such as optoelectronic devices, electronic sensors, and nonlinear optical applications. One example involves the use of few-layer GaS nanosheets as the foundation for photodetectors, which possess distinctive characteristics, including rapid switching, prompt reaction times, and commendable optical responsivity [9,31]. The electrical, optical, and mechanical properties of layered GaS exhibit significant anisotropy [8,32,33].



Furthermore, a study has documented the phenomenon of thickness-dependent Raman spectroscopy, where the Raman scattering intensity of GaS decreased as its thickness decreased [34]. Even with the significance of these discoveries, there is a shortage of comprehensive reports on the spatial heterogeneity of Raman images of few-layer GaS of varying thicknesses, as well as the influence of the polarization direction of the excitation source on Raman imaging [41].



Nevertheless, the absence of a band gap in layered GaS challenges its use in optoelectronic devices or optically switched micro-nano-systems. However, there is a need for further reports on photodetectors that use few-layer GaS nanosheets.



Fortunately, the successful fabrication of III–VI layer semiconductors has been achieved [47,48,49,50,51]. The predominant techniques used to acquire superior, purer materials include mechanical stripping [52,53,54], epitaxial growth [55,56,57,58], chemical vapor deposition (CVD) [59,60], and liquid phase stripping [61]. Earlier reports documented recent research endeavors on layered GaS and other transition metal chalcogenides [62,63]. These investigations focused on many aspects, including the synthesis, isolation, characterization, and comparative analysis of these materials using optical microscopy on SiO2/Si substrates [26,27,28,29,30,31]. This is highly beneficial in conducting a more comprehensive examination of their characteristics [32,33,34,35,36].



This study presents Raman scattering images of lamellar GaS sheets of varying thicknesses, ranging from approximately 10 to 150 nm. Furthermore, it investigates the changes in the spreading strength of the edge Raman signal when subjected to laser illumination at wavelengths of 532 and 633 nm. The GaS samples used in this study were of superior quality and consist solely of pure GaS nanosheets synthesized through CVD. In this study, we employed a combination of Raman spectra, Raman images, optical images, and atomic force microscopy (AFM) to investigate the impact of laser-polarized light on alterations in fringe Raman intensity. These emerging phenomena offer an avenue for further investigation into the possible applications of GaS nanosheets.



Hence, the investigation of novel photodetectors holds significant importance in advancing the field of optoelectronics. Low-dimensional materials exhibit a significant increase in specific surface area compared with their bulk counterparts, resulting in enhanced photosensitivity. Due to extensive research efforts, layered transition metal sulfide photodetectors have garnered considerable attention and use in recent years. Photodetectors composed of GaS nanosheets, when implemented on SiO2/Si and polyethyleneterephthalate substrates, exhibited photoresponses of 4.2 and 19.2 AW−1 at a wavelength of 254 nm [64]. The switching ratios of single-layer GaS nanosheets were reported to be approximately 104–105.




2. Experimental Sections—Preparation of Gas Nanosheets


High-quality GaS nanosheets were synthesized through CVD, using high-purity GaS powder with a purity level of 99.999%. Subsequently, these nanosheets were deposited onto a SiO2 substrate, which was characterized by an oxide layer thickness of 300 nm. Initially, a tube boiler operating at high temperatures was preheated for 2 h to establish a state of stability in the two distinct temperature zones. Then, a quartz tube was used to house a porcelain boat holding GaS powder, while another porcelain boat with a silicon substrate was positioned around 20 cm apart from the powder, as mentioned above. Next, a gas mixture comprising 100 sccm of argon and 25 sccm of hydrogen was introduced into the system. To prevent the oxidation of GaS, the reaction was conducted in a high vacuum for 2 h. The temperatures in the source and deposition substrate regions during the trials were recorded as 980 °C and 700 °C, respectively. Figure 1 shows a diagram of the GaS nanosheets fabricated using the CVD method.



Characterization of the thickness of the GaS nanosheets was performed using AFM. The lasers employed during the Raman tests had 532 and 633 nm wavelengths. The laser and collection optics were held in a fixed position during the polarization Raman experiments (Horiba LabRAM HR EVO). The polarization direction of the 532 and 633 nm lasers was manipulated by adjusting the angle of the half-wave sheet. While conducting Raman imaging tests, the sample stage underwent controlled displacement in both the x and y directions, whereas all experimental procedures were performed under ambient room-temperature conditions.



Figure 1a shows a diagram of the GaS nanosheets made using the CVD method. We obtained three thicknesses of GaS nanosheets: 10 nm in Figure 1b, 40 nm in Figure 1c, and 170 nm in Figure 1d. Shown are a top view and side view of the GaS crystal structure, showing the monolayer composed of S–Ga–Ga–S bonds and the Van der Waals interaction between layers; a thickness of 0.75 nm for a monolayer is also shown Figure 1e,f. The two-terminal devices, 1 in Figure 1g, 2 in Figure 1h, and 3 in Figure 1i, correspond to thicknesses of GaS nanosheets of 10 nm, 40 nm, and 170 nm, respectively.




3. Results and Discussion


To overcome these limitations, we employed thickness-dependent edge-enhanced Raman spectroscopy (TEER). TEER exploits the unique properties of materials with different thicknesses, such as 2D materials such as graphene or transition metal dichalcogenides, to improve the Raman signal at the edges of the materials. TEER has applications in materials science, biomedicine, and nanotechnology, and is increasingly being used to investigate the physical, chemical, and biological properties of nanomaterials.



Thickness-Dependent Edge-Enhanced Raman of Gas Nanosheets


The thin GaS nanosheet depicted in Figure 2 has a thickness of approximately 10 nm, as evident from the AFM plot in Figure 2e. Figure 2a–c depict optical images, with the red and green diagrams representing the Raman peak positions at 188 and 360 cm−1, respectively. The excitation light source used for these measurements had a wavelength of 532 nm. An analysis of the Raman imaging map in Figure 2b,c reveals a uniform intensity distribution of the Raman vibration mode on the nanosheet. The intensity distribution of the Raman vibration modes on the nanosheets exhibits a homogeneous pattern. The Raman spectra depicted in Figure 2d were chosen from two distinct locations, one at the periphery and the other within the plane of the Raman imaging map. The intensities of these spectra are similar. The findings presented in this study align with those reported in previous research on GaS flakes with fewer layers [14,15,16,17].



The GaS nanosheets depicted in Figure 3 exhibit significantly greater thicknesses than those depicted in Figure 2. The thickness of these nanosheets is approximately 40 nm, as shown in the AFM image in the panel of Figure 3e. Figure 3a shows an optical image, and Figure 3b,c show Raman images at the Raman peak positions of 188 and 360 cm−1, respectively. The excitation source used had a wavelength of 532 nm. From the Raman imaging in Figure 3b,c, it can be seen that the intensity distribution of the Raman vibrational modes at the edge of the nanosheet is more pronounced than that at its plane. The provided image illustrates the Raman spectra obtained from the periphery of the Raman imaging map and any arbitrary location within the plane. The data show that the strength of the Raman vibration at the edges of the GaS nanosheets was marginally higher than that within the plane, being almost twice as much. Thus, the observed variation in the intensity distribution during Raman imaging of GaS nanosheets can be attributed to variations in their thicknesses. The electron-leaping probability of thick GaS nanosheets was enhanced because of the alteration in the lattice orientation at their edges, resulting in excellent Raman vibrational modes at these edges [18,39,40,41]. To validate this hypothesis, we used thicker GaS nanosheets for Raman analysis, while also using a 532 nm excitation light source, which generated excitement.



As shown in Figure 4a and the corresponding AFM image in Figure 4e, the GaS nanosheets exhibited a thickness of approximately 170 nm. Figure 4a shows an optical image, and the red and green figures in Figure 4b depict the Raman imaging images corresponding to Raman peaks at 188 and 360 cm−1, respectively. According to the Raman imaging figures in Figure 4b,c, the Raman vibrations at the periphery of the GaS nanosheets exhibited considerably greater intensity than those within the plane. The strength of the force in the three-dimensional space was significantly greater than that in the 2D plane. Figure 4d shows the Raman spectra obtained at the periphery of the Raman imaging map and any arbitrary location within the plane. The strength of the Raman vibration observed at the boundary of the GaS nanosheets is approximately tenfold greater than that observed within the plane. In the experiment, multiple Raman characterizations were performed on GaS samples of varying thicknesses. These results are consistent with those reported in reference [4]. The findings indicate that the thickness of GaS nanosheets is directly responsible for the observed enhancement in Raman scattering, specifically near the edges.



In Figure 2d through Figure 4d, two GaS samples with two modes, A   1      1 g    and A   2      1 g   , could detected at 188 and 360 cm−1, respectively. As the layer thickness drops, the intensity of the strength of the two A    1 g    modes diminished dramatically. The softening of the A    1 g    modes in layered materials with a decreasing number of layers was previously reported. This was observed, for example, in MoS   2   and WS   2   samples [65,66]. This effect is attributed to reducing the impact of interlayer interactions on phonon restoring forces. As the thickness of the sample decreases, surface effects have an increasing impact on the physical processes occurring in the sample. At the same time, the quality of the sample surface or effects at the sample-substrate interface may lead to the dispersion of the measured physical parameters.The behavior of the A    1 g    modes with sample thickness reduction is consistent with the DFT calculations made by Rahaman et al. for a similar crystal structure of GaSe [67]. The interaction of a GaS layer with the substrate and the surface quality of the GaS layer appear to be essential elements determining the frequency values of the A   2      1 g    mode of extremely thin samples and may also be responsible for the dispersion of the A   2      1 g    peak locations. Furthermore, the Raman peak of a silicon substrate at 303 cm    − 1    influences the accuracy of the A   2      1 g    mode position estimation [34,41].





4. Polarization Raman of GaS Nanosheets


To overcome these limitations, polarization Raman spectroscopy has emerged as a promising approach. By controlling the polarization of the incident and scattered light, polarization Raman spectroscopy can significantly improve the sensitivity and resolution of Raman signals. This technique exploits the anisotropic nature of molecular vibrations, allowing for more accurate detection and characterization of a sample. In addition to high-sensitivity detection, polarization Raman spectroscopy offers valuable structural information about a sample.



To advance our understanding of the correlation between the non-uniformity shown in the Raman image and the energy of laser-excited photons, as well as the polarization direction of the laser light source, we performed polarized Raman analysis of nanosheets of varying thicknesses. The nanosheets were subjected to Raman characterization using lasers with 532 and 633 nm wavelengths. The polarization direction of the incident laser light was altered in our study by adjusting the angle of the half-wave sheet. This study established the reference point for the 0 scale line on the half-wave plate as the 0   ∘   angle of the laser polarization direction. We then manipulate the half-wave plate by rotating it to achieve the desired polarization of light.



During the tests, we observed that the polarization direction of the laser only affected the intensity of the Raman vibrational modes of GaS nanosheets of a thickness of approximately 10 nm. This observation is supported by the Raman imaging plots in Figure 5b–f, as well as the Raman spectra plots in Figure 5d,g. A 532 nm laser was employed as the Raman excitation light source. Analysis of the plots in Figure 5b,c reveals that the intensity distribution of the Raman imaging maps exhibited a uniform pattern when the laser polarization direction was set at 0   ∘  . Furthermore, examination of the Raman spectra obtained from the edges of the nanosheets and any arbitrary point within the plane, as depicted in the plot in Figure 5d, demonstrates that their intensity distributions are comparable. This finding aligns with the outcomes presented in Figure 2. When the half-wave sheet was rotated at an angle of 45   ∘  , the laser light incident on the sample changed 90   ∘   relative to the 0   ∘   direction. At this point, we observed that the Raman vibrational intensity distribution remained homogeneous. However, the overall Raman intensity exhibited a slight decrease compared with that in the 0   ∘   direction, as depicted in Figure 5e–g.



The preceding findings indicate a notable amplification of Raman vibrations at the edges, as the nanosheet thickness was approximately 40 nm. Notably, nanosheets with multiple edges, such as those depicted in Figure 6a, exhibited a clear correlation between the polarization direction, excitation wavelength, and the Raman intensities at their edges. The Raman scattering for the 532 nm laser had its highest power toward the periphery, which is consistent with the observations depicted in Figure 3 and Figure 4. Nevertheless, the intensity of Raman scattering exhibited notable variations near the boundaries for specific polarization angles. The Raman imaging plots in Figure 6b,c show that the edges exhibited alternating enhancements at laser polarization angles of 0   ∘  , 60   ∘  , 90   ∘  , and 120   ∘  . This observation suggests that the enhanced Raman scattering at the edges depends on the polarization direction of the laser. Specifically, certain edges on the nanosheets exhibited significantly stronger Raman scattering in a given polarization direction compared with the other edges.



Furthermore, note that the observed phenomena of edge-enhanced Raman scattering were intricately linked to the energy of the excitation photon, explicitly referring to the wavelength of the laser employed. The Raman scattering images in Figure 6e–g show that when a 633 nm laser was used, the Raman scattering images of GaS nanosheets did not exhibit phenomena comparable to those observed when excited by a 532 nm laser at 633 nm. The Raman scattering at the edges did not have a significant enhancement effect, even when the laser polarization direction was set at 0   ∘  . The edges were significantly improved.



Therefore, apart from the above-mentioned influence of GaS nanosheet thickness, the enhancement of Raman scattering at the edges was associated with the energy of the incident photon and the polarization direction of the photon. When the nanosheet thickness was approximately 170 nm and the excitation light source was 633 nm, there was an overall reduction in the Raman scattering intensity, as seen in the GaS nanosheets. The Raman scattering images in Figure 7b,c and the Raman spectra in Figure 7d demonstrate that thicker GaS nanosheets exhibited noticeable distinctions in the polarized Raman images at the margins when subjected to 532 nm laser light. Nevertheless, note that the disparity in polarized Raman intensity between the border and surface was not substantial, particularly in the scenario where the excitation light had a wavelength of 633 nm and the angle of incidence was 0   ∘  .



These findings confirm that the Raman scattering observed in few-layer GaS nanosheets and the edge-enhancing effect observed in their polarized Raman spectra were dependent on both the thickness of the nanosheets and the energy of the incident photons used for excitation. The observed behavior could be attributed to the structural characteristics of the crystal edges, which entailed intricate interactions between electrons and photons, as well as electrons and phonons. Apart from the edge-enhanced Raman scattering identified in the samples investigated in this study, there have been previous reports regarding the aberrant behavior observed at the boundaries of 2D layered materials. The authors observed an enhancement in photoluminescence (PL) around the margins of triangular monolayer WS   2   nanosheets, as depicted in the PL photos provided (reference [37]). Various edge passivation procedures can induce alterations in the spin state of the edges of certain transition metal sulfide compounds, thereby leading to modifications in their magnetic properties at the edges [13]. Furthermore, it has been observed that an increased level of catalytic activity specifically occurs in the periphery of MoS   2   nanoparticle populations [42,43,44]. These specific events indicate that the boundaries of 2D materials significantly influence their local physicochemical properties.




5. Optoelectronic Properties of GaS Nanosheet Devices with Different Thicknesses


Nano-solid-state devices (NSSDs) have emerged as a promising field in nanotechnology, due to their unique electronic properties and potential applications in various fields. These devices are composed of thin sheets of gas molecules, typically only a few atomic layers thick, which exhibit remarkable electronic behavior. The electronic properties of NSSDs differ significantly from those of conventional solid-state devices, making them a subject of great interest for researchers in the field.



Figure 8 shows an optical diagram of GaS two-terminal device 1, with Figure 8a showing the specific configuration. The thickness of the GaS nanosheets was approximately 170 nm. We conducted Raman imaging on the nanosheets positioned between the gold electrodes using a 532 nm laser. Based on the data shown in Figure 8b, the channel width of the device was approximately 2.1 μm. Figure 8d shows a schematic of the test device used in our study. The laser used for measuring the photocurrent had a wavelength of 455 nm. Based on the test results obtained, as shown in Figure 8e plot of I-T, the photosensitivity of the sample was highly favorable. However, note that the corresponding photocurrent was not significant. The image in Figure 8f illustrates the relationship between the photocurrent of the device and the laser power at two specific levels: 300 and 695 mW. The figure shows that there was a substantial rise in the photocurrent as the laser power increased.



Figure 9a shows an optical diagram of device 2. The thickness of the GaS nanosheets in device 2 was approximately 40 nm, as evidenced by the intensity of their Raman spectral peaks in the Raman uniform imaging plots in Figure 9c. The provided graphic illustrates that the approximate width of device 2 in Figure 9b was 3.4 μm. Figure 9d shows a graphical representation of the experiment apparatus. In the image in Figure 9e, the bottom line represents the dark current in a dark-field configuration with an applied voltage of 0.1 V. Conversely, the higher line corresponds to the photocurrent obtained when measuring the response to a 445 nm laser with a laser power of 0.695 W. The graphic illustrates the marginal rise in the current of the device upon lighting compared with the dark current. When the applied voltage was increased to 3 V under identical conditions, there was no notable alteration in the draft after lighting. This is evident when comparing the I-V plots of the dark-field current and the current during illumination, as depicted in Figure 9f.



To provide a more comprehensive examination of the effect of GaS nanosheet thickness on photocurrent, we selected the thickness of the GaS nanosheets in device 3 to be approximately 10 nm. As depicted in Figure 10a, the width of device 3 in Figure 10b was estimated to be approximately 3.5 μm. The Raman spectra in Figure 10c reveal that the Raman intensity of the sample above was lower than that of device 2. Figure 10d shows a graphical depiction of the experimental setup. Consequently, it can be inferred that the sample was a nanosheet with a reduced thickness. The dark current and photocurrent of the device were evaluated under identical conditions. The results indicated that the device exhibited limited photosensitivity. However, analysis of the I-V diagram revealed a higher dark-field current, as shown in Figure 10e, reaching a magnitude of 800 nA at an applied voltage of 1.5 V, as shown in Figure 10f. This observation suggests that the thinner GaS nanosheets possessed superior conductivity to their thicker counterparts.




6. Conclusions


In this study, we present our findings on the relationship between the thickness of few-layer GaS nanosheets and Raman scattering, as well as the polarization properties of Raman scattering. The Raman scattering intensity increased at the edges of these nanosheets as their thickness increased. Furthermore, the energy and polarization of excitation light photons significantly influenced the edge-enhanced Raman characteristics. The feature above exhibited greater prominence when nanosheets of equivalent thickness were subjected to 532 nm laser excitation instead of 633 nm laser excitation. This characterization offers a novel viewpoint on the Raman characteristics of GaS nanosheets with few layers. This is anticipated to catalyze future investigations into the possible uses of GaS and other transition metal sulfides.



In brief, the photosensitivity and conductivity of GaS nanosheet devices are significantly influenced by the thickness of GaS nanosheets. This study demonstrated the phenomenon described above through experiments conducted on GaS nanosheet devices of varying thicknesses. Specifically, three devices with different thicknesses were selected for analysis. Their values surpassed the performance of specific devices using other 2D materials. These findings could catalyze future explorations of the potential applications of GaS nanosheet-based photodetectors.
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Figure 1. (a) Schematic of GaS nanosheets prepared using CVD. (b) The thickness of GaS nanosheets was approximately 10 nm from AFM. (c) The thickness of GaS nanosheets was about 40 nm from AFM. (d) The thickness of GaS nanosheets was roughly 170 nm from AFM. (e) Top view of the GaS nanosheet. (f) Side view of the GaS nanosheet. (g) Optical diagram of device 1, the thickness of the GaS nanosheet was 10 nm. (h) Optical diagram of device 2, the thickness of the GaS nanosheet was 40 nm. (i) Optical diagram of device 3, the thickness of the GaS nanosheet was 170 nm. 
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Figure 2. (a) Optical picture of GaS nanosheets. (b) Imaging diagram of Raman peak position at 188 cm    − 1    under 532 nm laser excitation. (c) Imaging diagram of Raman peak position at 360 cm    − 1    under 532 nm laser excitation. (d) Raman spectra at the edge and any two points in the plane in Raman imaging plots in (b,c). (e) Thickness of GaS nanosheets was approximately 10 nm based on AFM. 
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Figure 3. (a) Optical picture of GaS nanosheets. (b) Imaging image of Raman peak position at 188 cm    − 1    under 532 nm laser excitation. (c) Imaging diagram of Raman peak position at 360 cm    − 1    under 532 nm laser excitation. (d) Raman spectra at the edge and any two points in the plane in Raman imaging plots in (b,c). (e) Thickness of the GaS nanosheets was approximately 40 nm based on AFM. 
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Figure 4. (a) Optical picture of GaS nanosheets. (b) Imaging of Raman peak position at 188 cm    − 1    under 532 nm laser excitation. (c) Imaging diagram of Raman peak position at 360 cm    − 1    under 532 nm laser excitation. (d) Raman spectra at the edge and any two points in the plane in Raman imaging plots in (b,c). (e) Thickness of GaS nanosheets was approximately 170 nm based on AFM. 
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Figure 5. (a) Optical diagram of GaS nanosheets. (b) Imaging of Raman peak position at 188 cm    − 1    under 532 nm laser excitation, when the laser polarization direction was 0   ∘  . (c) Imaging of Raman peak position at 360 cm    − 1    when the laser polarization direction was 0   ∘   under 532 nm laser excitation. (d) Raman spectra at the edge and any two points in the plane in Raman imaging maps (b,c). (e) Raman peak position at 188 cm−1 under 532 nm laser excitation with 90   ∘   laser polarization. (f) Raman image at 360 cm    − 1    under 532 nm laser excitation with 90   ∘   laser polarization. (g) Raman spectra at the edge and any two points in the plane in Raman imaging diagrams (e,f). 
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Figure 6. (a) Imaging of Raman peak position at 188 cm−1 under 532 nm laser excitation with laser polarization directions of a   1   = 0   ∘  , a   2   = 60   ∘  , a   3   = 90   ∘  , and a   4   = 120   ∘  . (b) Imaging of Raman peak position at 360 cm    − 1    under 532 nm laser excitation with laser polarization directions of b   1   = 0   ∘  , b   2   = 60   ∘  , b   3   = 90   ∘  , and b   4   = 120   ∘  . (c) Raman spectra of any two points in the Raman imaging maps (b,c) at the edge bright spot and in-plane dark spot, c   1   = 0   ∘  , c   2   = 60   ∘  , c   3   = 90   ∘  , and c   4   = 120   ∘  . (d) Raman peak position at 188 cm    − 1    under 633 nm laser excitation with laser polarization, d   1   = 0   ∘  , d   2   = 60   ∘  , d   3   = 90   ∘   and d   4   = 120   ∘  . (e) Imaging of Raman peak position at 360 cm    − 1    under 633 nm laser excitation with laser polarization, e   1   = 0   ∘  , e   2   = 60   ∘  , e   3   = 90   ∘  , and e   4   = 120   ∘  . (f) Raman spectra of any two points at the edge and at the plane in the Raman imaging diagrams (e,f) with laser polarization, g = 0   ∘  . (g) Optical diagram of GaS nanosheets. 
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Figure 7. (a) Optical diagram of GaS nanosheets. (b) Imaging of Raman peak position at 188 cm    − 1    under 532 nm laser excitation with laser polarization, b   1   = 60   ∘  , b   2   = 120   ∘  . (c) Images of Raman peaks at 360 cm    − 1    under 532 nm laser excitation with laser polarization, c   1   = 60   ∘  , c   2   = 120   ∘  . (d) Raman spectra of any two points in the Raman imaging maps (b,c) at the edge bright spot and in-plane dark spot with laser polarization d   1   = 60   ∘  , d   2   = 120   ∘  . (e) Raman peak position at 188 cm    − 1    in the Raman imaging map under 633 nm laser excitation with laser polarization, e   1   = 60   ∘  , e   2   = 120   ∘  . (f) Raman peak at 360 cm    − 1    under 633 nm laser polarization, laser excitation, f   1   = 60   ∘  , f   2   = 120   ∘  . (g) Raman spectra of any two points in the Raman imaging diagrams (e,f) at the edge bright and in-plane dark spots with laser polarization, g   1   = 60   ∘  , g   2   = 120   ∘  . 
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Figure 8. (a) Optical diagram of device 1. (b) Scanning electron microscopy (SEM) image of device 1. (c) Raman spectra of the edges and any point in the plane in the Raman imaging in (b). (d) Schematic of the device test model. (e) I-T plot of device 1 at 455 nm laser. (f) I-V plots of device 1 at laser powers of 300 and 695 mW. 
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Figure 9. (a) Optical diagram of device 2. (b) SEM diagram of device 2. (c) Raman spectrogram of any two points in the Raman imaging plot in (b). (d) Schematic of the device test model. (e) Photocurrent plot of device 2 at 0.1 V applied voltage compared with its dark-field current. (f) Comparison of the photocurrent of device 2 with its dark-field current at 3 V applied voltage. 
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Figure 10. (a) Optical diagram of device 3. (b) SEM image of device 3. (c) Raman spectra of any two points in (b). (d) Schematic of the device test model. (e) Comparison of photocurrent of device 3 with its dark-field current at 0.1 V applied voltage. (f) Comparison of photocurrent of device 3 with its dark-field current at 1.5 V applied voltage. 
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