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Low-dimensional nanomaterials have garnered significant interest for their unique electronic and optical properties, which are essential for advancing next-generation optoelectronic devices. Among these, tellurium suboxide (TeOx)-based nanowires (NWs), with their quasi-one-dimensional (1D) structure, offer distinct advantages in terms of charge transport and light absorption. In this study, we present a comprehensive investigation into the controlled synthesis, structural properties, and optoelectronic performance of TeOx nanowires. Nanowires were synthesized via chemical vapor deposition process and exhibited a high aspect ratio with excellent structural quality, confirmed through Raman spectroscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The TeOx nanowires demonstrated high crystallinity, smooth surface morphology, and consistent growth across the substrate, making them suitable for scalable device fabrication. The optoelectronic characterization of a fabricated photodetector, based on a single TeOx nanowire, revealed remarkable photoresponsivity and stability across a broad range of light intensities. These findings position TeOx nanowires as promising candidates for future optoelectronic devices such as photodetectors and optical sensors.
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1 INTRODUCTION
The development of advanced photodetectors is critical for a broad range of applications, including imaging, sensing, environmental monitoring and communication systems (Wang et al., 2019; Yao and Yang, 2020). Despite significant progress in recent years, conventional photodetectors often suffer from several limitations, such as restricted responsivity, slow response times, limited detection range and sophisticated fabrication techniques (Jiang et al., 2020). These drawbacks restrict the utility of traditional photodetection systems in demanding applications. For instance, silicon-based photodetectors, though widely used, are typically limited by their narrow spectral range and vulnerability to environmental factors such as high humidity and extreme temperatures, leading to performance degradation over time (Goossens et al., 2021; Liu et al., 2021).
In contrast, low-dimensional nanomaterials have garnered substantial attention due to their distinctive electronic and optical properties, which are critical for advancing next-generation optoelectronic devices. Among these, one-dimensional (1D) nanostructures exhibit unique characteristics such as high aspect ratio and anisotropic carrier transport (Wei et al., 2023), making them highly attractive for various applications in photodetection (An et al., 2018; Li et al., 2023; Wei et al., 2024), sensing (Zhao et al., 2014; Zafar et al., 2018) and energy storage (Zhou et al., 2019; Nehra et al., 2020; Jin et al., 2023). In particular, TeOx-based nanowires (NWs), with their quasi-1D morphology, provide significant advantages in terms of charge transport (Liu et al., 2008) and photoresponse (Zhang et al., 2023), positioning them as promising candidates for high-performance optoelectronic devices.
As a p-type semiconductor, TeOx exhibits a favorable band alignment for efficient charge separation in optoelectronic devices (Zhou et al., 2020). The reduced surface recombination effects and enhanced carrier mobility within the nanowires contribute to their superior photodetection capabilities (Koo and Kim, 2009; Wu et al., 2014). These features, combined with their scalability and compatibility with existing semiconductor technologies, position TeOx NWs as versatile building blocks for integrated photonic devices.
In this study, we present a systematic approach to the controlled growth of TeOx nanowires and provides insights into their optoelectronic performance. By fine-tuning the oxidation line and growth parameters, we achieve TeOx nanowires with high aspect ratios and excellent optoelectronic properties. Raman spectrum, scanning electron microscopy (SEM) and transmission electron microscopy (TEM) present the excellent crystal structure of as-prepared TeOx nanowires. Optoelectronic characterization demonstrates that TeOx-based photodetectors hold significant promise for applications requiring broad-spectrum light detection and high responsivity, paving the way for their use in next-generation optoelectronic and photonic systems.
2 EXPERIMENTAL DETAILS
2.1 Synthesis of TeOx nanowires
As shown in Figure 1A, a quartz boat containing Te powder (∼10 g) is located in the central heating zone of the furnace, and a clean silicon dioxide (∼275 nm)/Si substrate is located at the end of the furnace as the growth substrate. The horizontal distance between the powder and the silicon wafer should be kept between 10 cm. During the process of temperature increase, place the growth substrate upstream of the source and set the airflow to 300 sccm (along the black arrow in Figure 1A) for 15 min to remove unwanted water vapor. Then maintain the Ar gas flow at 120 sccm. When the central heating zone reaches the target temperature of 400°C, maintain it for 10 min for growth. Next, stop heating and let it cool naturally to room temperature. The entire process is carried out under ambient pressure in an argon/O2 atmosphere.
[image: Figure 1]FIGURE 1 | Synthesis Strategy of TeOx nanowires. (A) Schematic diagram of the synthesis device for synthesizing TeOx nanowires. (B, C) Chemical vapor deposition process of TeOx nanowires. TeOx nanowires are synthesized on a substrate by the reaction of Te source and oxygen.
2.2 Characterization
SEM and TEM are used to characterize the morphology of TeOx nanowires. Raman spectroscopy analysis was performed using a Renishaw confocal Raman system excited by a 488 nm laser at room temperature. The applied laser power is set to 5%, and the exposure time is approximately 0.1 s Preparation of TEM samples using polymethyl methacrylate (PMMA) assisted method. Spin coat PMMA onto the heterojunction sample until the PMMA layer completely covers the heterojunction sample, then bake at 180°C for 3 min. Afterwards, immerse the wafer in a saturated 0.2 M NaOH solution to, etch the SiO2 layer. After separating the PMMA coated sample from the silicon wafer, it was repeatedly transferred to fresh deionized water to wash away residual contaminants, and then captured using a traditional Lacey carbon film TEM grid. The transferred sample is naturally dried in the surrounding environment and then immersed in acetone overnight to clean the PMMA coating. All TEM samples were baked at 100°C for 10 min.
3 RESULTS AND DISCUSSION
3.1 Structural and morphological characterization of TeOx nanowires
Here, we demonstrate the feasibility of thermodynamic control of chemical reactions for synthesizing TeOx nanowires of different sizes. The synthesis strategy is depicted in Figure 1B, C. In our experiment, we successfully grew TeOx nanowires (Figure 2A). By adjusting the reaction temperature, two distinct growth trends were observed. When the growth temperature is low, the reaction between Te and O2 tends to grow into nanorods with relatively small aspect ratios (Figure 2B). When the growth temperature is high, the morphology of TeOx nanowires tends to have a high aspect ratio, as shown in Figure 2C. This can be attributed to the relatively weak evaporation ability of Te at 260°C, resulting in a lower nucleation density.
[image: Figure 2]FIGURE 2 | CVD growth for TeOx nanowires. (A) Typical optical micrograph of the TeOx NWs. Scale bar, 200 μm. (B) Optical image of TeOx nanowires grown at 260°C. Scale bar, 50 μm. (C) Optical image of TeOx nanowires grown at 460°C. Scale bar, 50 μm.
The structural properties of the synthesized TeOx nanowires were characterized using a combination of Raman spectroscopy, scanning electron microscopy, transmission electron microscopy, and selected area electron diffraction (SAED). These techniques provided comprehensive insights into the crystallinity and morphological features of the nanowires, confirming their high structural quality.
As shown in Figure 3A, the Raman spectrum of TeOx nanowires exhibit prominent peaks at A1 and E2 modes, indicating the well-ordered crystalline structure of TeOx. The peak at approximately 267.7 cm−1 in B2 mode is assigned to the characteristic vibrational modes of the Te-O bond (Yan and Kang, 2014), reflecting the formation of the TeOx phase. The sharpness of the Raman peaks further confirms the high crystallinity of the nanowires, which is crucial for their enhanced optoelectronic properties (Liao et al., 2014). High crystallinity typically reduces the defects and grain boundaries, allowing for the efficient charge carrier transport (Wang et al., 2022). This characteristic is especially critical in optoelectronic devices, where any disruption in the lattice structure can lead to scattering and recombination of charge carriers, thereby reducing performance.
[image: Figure 3]FIGURE 3 | Morphological characterization of TeOx NWs. (A) Raman spectra of TeOx Nanowires. (B) SEM image of TeOx nanowires. (C) Magnified SEM image of TeOx NWs. Scale bar, 10 μm.
The SEM images in Figures 3B,C demonstrate the uniformity and smooth surface morphology of the synthesized TeOx nanowires. These images display a highly uniform and smooth surface morphology, which is essential for minimizing surface defects that could impede charge carrier mobility in optoelectronic applications. The nanowires exhibit a high aspect ratio, with diameters on the order of 2 μm and lengths extending up to several tens of micrometers. This high aspect ratio is particularly beneficial in enhancing the photodetection area, allowing for greater interaction with incident light, thereby improving the device’s overall sensitivity (da Silva et al., 2023). Moreover, uniformity and surface smoothness of the nanowires stated from the SEM images is important for minimizing scattering of charge carriers. The consistency in growth across the substrate is a promising sign for scalable device fabrication, ensuring repeatable performance across multiple devices. At lower growth temperatures (∼260°C), incomplete oxidation and insufficient thermal energy may result in poorly crystallized TeOx nanowires, leading to higher defect densities, which act as recombination centers for charge carriers. This degrades the nanowire’s electrical conductivity and reduces the photocurrent generation in photodetector applications. Furthermore, higher defect concentrations can negatively affect carrier mobility, thereby limiting the device’s response speed and sensitivity. In contrast, higher growth temperatures (∼460°C) typically promote more uniform oxidation and improved crystal quality, resulting in fewer structural defects and enhanced carrier mobility. As a result, nanowires synthesized at optimized temperatures exhibit better charge separation and transport properties, which are essential for achieving high responsivity in photodetectors. Improved crystal quality also minimizes the probability of surface recombination, enhancing the photodetector’s stability and performance over time.
Further confirm the crystal structure of TeOx nanowires using transmission electron microscopy (TEM). Low-magnification TEM images of TeOx nanowires (Figure 4A) and the corresponding high-resolution TEM images (Figure 4B) further elucidate the atomic arrangement of the TeOx nanowires. The bright spots correspond to tellurium atoms, which are distinguishable due to their high atomic number (Z = 52), while oxygen atoms have a lower atomic number (Z = 8), making them almost indistinguishable (Yamashita et al., 2018). The lattice spacing measured from the HRTEM image is approximately 0.205 nm, corresponding to the (003) planes of the TeOx crystal, indicating a high degree of crystallinity in the nanowires. Additionally, the SAED pattern (Figure 4C) shows well-defined diffraction spots, which can be indexed to the (003) planes of the TeOx phase. This confirms the single-crystalline nature of the nanowires and the preferred orientation along the [0001] direction. The diffraction pattern is consistent with the HRTEM findings, corroborating the high-quality crystal structure of the synthesized TeOx nanowires.
[image: Figure 4]FIGURE 4 | Structural characterization of TeOx NWs. (A) Low-magnification TEM image of TeOx NWs. Scale bar, 2 μm. (B) High-resolution TEM image selected from the red plane in (A). Scale bar, 2 nm. (C) Corresponding selected area electron diffraction patterns. Scale bar, 5 1/nm.
3.2 Optoelectronic performance of TeOx nanowire photodetector
To investigate the optoelectronic properties of the TeOx nanowires, a photodetector device was fabricated, as depicted in Figure 5A. The device was constructed by positioning a single TeOx nanowire between two gold electrodes on a SiO2/Si substrate. The Au electrodes were deposited using standard photolithography and electron beam evaporation techniques. This setup enabled the characterization of the nanowire’s photodetection capabilities under varying light intensities. The optical image provides a clear view of the fabricated device, where the TeOx nanowire is well-aligned between the gold electrodes, as shown in Figure 5B. The uniformity of the nanowire ensures consistent charge transport properties across the device, which is essential for reliable photodetection. The time-dependent photocurrent response of the device, measured under different light intensities, is shown in Figure 5C. The photocurrent increases as the light intensity increases, demonstrating the high sensitivity of the TeOx nanowire to incident light. The distinct photocurrent steps correspond to light power density ranging from 0.0015 mW/mm2 to 1.08 mW/mm2, indicating the device’s ability to detect light over a wide intensity range. This behavior suggests that the TeOx nanowire photodetector exhibits a rapid and repeatable response to light, making it highly suitable for optoelectronic applications such as photodetectors and optical sensors. The device shows stable switching behavior, with well-defined on/off states in the photocurrent response. This stability is indicative of low trap-state density in the nanowires and the high quality of the material. The high photocurrent under illumination, combined with the quick recovery to baseline in the absence of light, underscores the potential of TeOx nanowires for use in high-performance, low-power photodetectors. By the rational device design and high-quality material preparation, TeOx nanowires are expected to play an important role in future optoelectronic applications (Zhang et al., 2024).
[image: Figure 5]FIGURE 5 | Optoelectronic performance of TeOx NWs. (A) Schematic illustration of the TeOx nanowire photodetection device. (B) Optical image of the photodetector device. Scale bar, 5 μm. (C) Time-resolved photocurrent response of the devices under light power densities from 0.0015 to 1.08 mW/mm2 with the wavelength of 638 nm.
4 CONCLUSION
In this study, we successfully synthesized TeOx nanowires with high structural quality using a thermal oxidation method, and systematically characterized their morphological and optoelectronic properties. Raman spectroscopy confirmed the well-ordered crystalline structure of the nanowires, while SEM and TEM analyses revealed their smooth surface morphology and high aspect ratio, critical for enhancing charge transport and light absorption. The photodetector fabricated using a single TeOx nanowire exhibited high sensitivity, stable on/off switching behavior, and rapid photocurrent response to varying light intensities. These results highlight the potential of TeOx nanowires for use in high-performance, low-power optoelectronic devices. Given the excellent material quality and device performance, TeOx nanowires are poised to become key building blocks for next-generation photodetectors and integrated photonic systems.
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