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Abstract

:

We investigate the effects of incorporating single-walled carbon nanotubes (CNTs) into sol–gel-derived ZnO thin films to enhance their optoelectronic properties for photodetector applications. ZnO thin films were fabricated on c-plane sapphire substrates with varying CNT concentrations ranging from 0 to 2.0 wt%. Characterization techniques, including high-resolution X-ray diffraction, photoluminescence, and atomic force microscopy, demonstrated the preferential growth of the ZnO (002) facet and improved optical properties with the increase in the CNT content. Electrical measurements revealed that the optimal CNT concentration of 1.5 wt% resulted in a significant increase in the dark current (from 0.34 mA to 1.7 mA) and peak photocurrent (502.9 µA), along with enhanced photoresponsivity. The rising and falling times of the photocurrent were notably reduced at this concentration, indicating improved charge dynamics due to the formation of a p-CNT/n-ZnO heterojunction. The findings suggest that the incorporation of CNTs not only modifies the structural and optical characteristics of ZnO thin films but also significantly enhances their electrical performance, positioning CNT-ZnO composites as promising candidates for advanced photodetector technologies in optoelectronic applications.
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1. Introduction


Zinc oxide (ZnO) thin films have attracted significant attention as materials for light sensors, particularly due to their intrinsic optoelectronic properties [1,2]. ZnO has a wide direct bandgap of 3.37 eV and a high exciton binding energy of 60 meV, making it particularly well-suited for ultraviolet (UV) light detection [1,2,3]. These properties make ZnO an attractive material for applications where efficient detection and responsiveness to UV light are critical, such as environmental monitoring [3], UV imaging [4], and communication systems [5]. Moreover, the abundance of ZnO, combined with its chemical stability and non-toxic nature, adds to its appeal as a sustainable and cost-effective choice for photodetector applications [6,7]. ZnO thin films can be fabricated using various methods, such as sol–gel processing [7,8], sputtering [9], chemical vapor deposition [10], pulsed laser deposition [11], molecular beam epitaxy [12], and atomic layer deposition [13]. Among these, the sol–gel method is gaining popularity due to its low cost, simplicity, and versatility in forming various composite structures. The sol–gel process allows for precise control over film composition and morphology, making it suitable for scalable production [7,8]. Additionally, the sol–gel technique supports the formation of different types of thin films, including doped ZnO and composite structures, depending on the materials used in the solution [14,15]. This flexibility enables tailoring the optoelectronic properties of ZnO for specific applications.



Despite the advantages of ZnO as a material for light sensors, it has certain limitations in its pure form. ZnO is an n-type semiconductor due to intrinsic defects, such as zinc interstitials and oxygen vacancies [16,17]. These defects introduce free electrons into the conduction band, but the material still requires additional processes to enhance its conductivity and optimize its performance for photodetection. To address this, various strategies have been explored, including doping with other elements, creating nanostructures, and forming composite materials [14,15,18,19,20]. In particular, carbon-based nanomaterials, such as graphene, graphene oxide, and carbon nanotubes, are well-known for enhancing optoelectronic properties when combined with semiconductor films [21,22]. Among these, the integration of carbon nanotubes (CNTs) into ZnO thin films presents a promising approach for enhancing the performance of ZnO-based photodetectors [23,24]. CNTs, with their unique physical and chemical properties, have been widely applied in nanoelectronic devices, sensors, and catalysts [23,24,25,26,27]. They possess a high electrical and thermal conductivity, along with excellent chemical stability. Fractional descriptions have been investigated to improve the understanding of optoelectronic effects in CNTs [28]. These characteristics make CNTs an ideal candidate for improving the performance of ZnO-based light sensors [23]. Additionally, CNTs have a low density and small diameter, allowing for the formation of composite structures with ZnO without significantly increasing the weight or complexity of the device. Recently, ZnO-CNT composites have been developed by attaching ZnO nanoparticles to CNTs or incorporating CNTs onto ZnO thin films [29]. Incorporating CNTs into ZnO thin films can enhance charge transport, improve photocurrent generation, and accelerate response times in photodetectors [24]. In particular, single-walled CNTs (SWCNTs) have higher electrical conductivity than multi-walled CNTs (MWCNTs) due to better charge mobility and dispersing more uniformly in the ZnO matrix. Their smaller diameter and single-layer structure enable a better integration into the sol–gel solution, creating more homogeneous films. The high surface area of SWCNTs enhances interactions with ZnO, improving charge transfer and boosting the sensitivity and photoresponse of the photodetector. This is especially important for light sensors, where the speed and sensitivity of the device are critical performance metrics. One promising configuration for ZnO-based photodetectors is the metal–semiconductor–metal (MSM) structure. This structure offers several advantages, including simplicity in fabrication, high photocurrent gain, and enhanced responsivity. However, ZnO-based photodetectors fabricated via the sol–gel method may exhibit slow response times due to the polycrystalline nature of the ZnO films. The grain boundaries in polycrystalline ZnO can act as trap sites for charge carriers, limiting their mobility and slowing down the overall response of the device [30]. To mitigate this, significant research efforts have focused on improving the response time of ZnO-based photosensors through techniques such as nanostructuring, doping, and optimizing thin film growth conditions [31,32,33]. In recent years, the development of ZnO-CNT nanocomposite structures has emerged as a promising solution for overcoming the limitations of conventional ZnO photodetectors [23,34]. The incorporation of CNTs into the ZnO matrix can enhance charge carrier mobility and reduce recombination rates, resulting in faster response times and higher photodetection sensitivity. The high conductivity of CNTs helps improve charge transport, while their high surface area provides more active sites for light absorption and charge generation. Moreover, CNTs can extend the spectral response of ZnO photodetectors beyond the UV range, making them suitable for applications requiring broader wavelength detection [23,24]. In this study, we investigate the fabrication and performance of a high-efficiency photodetector based on a ZnO-CNT nanocomposite structure using the sol–gel method. This approach leverages the advantages of both ZnO and CNTs to create a photodetector with enhanced sensitivity, faster response times, and improved overall performance. By exploring the potential of ZnO-CNT composite materials, we aim to contribute to the advancement of next-generation optoelectronic devices capable of operating across a wide range of light wavelengths.




2. Materials and Methods


The fabrication of the CNT-ZnO-based light sensor was performed using the sol–gel deposition method, followed by the structural, optical, and electrical characterization of the nanocomposite. C-plane sapphire served as the substrate for ZnO thin-film growth. The sol–gel solution was prepared by mixing zinc acetate dihydrate and monoethanolamine at a 1:1 molar ratio. For the CNT-ZnO composite, SWCNTs (KORBON OS ET-D001, Gangneung, South Korea) were added to the ZnO sol solution at concentrations ranging from 0 wt% to 2.0 wt%. A separate CNT solution was prepared by dispersing 1.0 wt% SWCNTs in 2-methoxyethanol. The presence of SWCNTs in the film is clearly confirmed through Raman analysis, as evidenced by the distinct radial breathing mode (RBM) and the low D/G ratio, as shown in Figure S1a. The combined sol–gel solution was stirred at 1000 rpm for 30 min at 100 °C to ensure homogeneity. The ZnO-CNT solution was deposited onto the substrate using the spin coating technique. Five drops of the solution were applied, and spin coating was carried out at 6000 rpm for 30 s. After deposition, the film underwent a pre-bake at 200 °C for 5 min to remove excess solvent. This was followed by a post-bake at 900 °C for 1 min to improve the crystallinity of the ZnO thin film. In the CNT-ZnO composite films, no peaks related to CNTs were observed in the Raman spectra, as shown Figure S1b. This is likely due to the very small CNT content (<2.0 wt%) relative to the ZnO matrix, making it difficult to detect using Raman system. The CNT-ZnO-based light sensor was designed with a MSM configuration, with a sensing area of 1000 µm × 100 µm. The fabrication process involved a simple hard mask technique for patterning, and aluminum (Al) was deposited as the metal electrode with a thickness of 50 nm on the ZnO surface.



High-resolution X-ray diffraction (HR-XRD, (PANalytical, X’Pert Pro MRD, Tokyo, Japan)) with ω-2θ scanning was used to assess the crystallographic structure of the ZnO and CNT-ZnO composite films. Photoluminescence (PL) at 266 nm and UV-visible spectroscopy (ThermoFisher Scientific (Waltham, MA, USA), Evolution 300) were employed to evaluate the optical properties of the samples. The electrical conductivity of the films was determined using Hall effect measurements. Surface morphology was analyzed using atomic force microscopy (AFM, (NanoFocus, my−Scope plus, Seoul, Republic of Korea)) and scanning electron microscopy (SEM, (COXEM, EM-30, Daejeon, Republic of Korea)). The electrical properties of the M-S-M light sensor were measured using a semiconductor parameter analyzer. Current–voltage (I–V) measurements were performed under both dark conditions and UV illumination (365 nm, 5 mW). The photocurrent response over time was recorded to assess the sensor’s photo-reactivity. The photocurrent (ΔIphoto) was calculated by subtracting the dark current (Idark) from the current under UV illumination (Iphoto).




3. Results and Discussion


Figure 1 presents AFM images of the surface morphology of ZnO thin films deposited using the sol–gel method, with increasing concentrations of CNTs (0 to 2.0 wt%). As shown in Figure 1a, the surface of the ZnO film without CNTs exhibits small, rounded grains aligned in a consistent direction. This orientation is due to the crystallographic isotropy of ZnO growth along the c-plane and is influenced by the rotational forces during the spin coating process. With the introduction of CNTs into the ZnO thin film, the surface morphology underwent significant changes. The structure transformed from small, grain-like particles to a more random, streaky appearance. This change can be attributed to the buckling effect induced by the CNTs. As CNTs are dispersed within the ZnO sol–gel solution, they act as mechanical stressors during the gel formation and subsequent crystallization process. Wrinkle formation in ZnO-CNT composite films occurs due to the thermal expansion mismatch between the ZnO matrix and CNTs during high-temperature treatment. As the ZnO matrix contracts during cooling, the CNTs resist this shrinkage, creating localized mechanical stress. This stress induces a buckling effect, leading to the characteristic wrinkled surface structure. The mismatch in thermal expansion coefficients between ZnO and CNTs, combined with the mechanical strain during the cooling process, plays a crucial role in this phenomenon [35]. The extent of this wrinkle formation increases with the CNT concentration, as demonstrated in Figure 1b–e. As more CNTs are incorporated, the mechanical stress within the film increases due to the larger number of CNTs interacting with the ZnO matrix. This interaction disrupts the uniform crystallization of ZnO, causing greater distortions in the surface structure. The CNTs, which have a high aspect ratio and stiffness, create localized areas of resistance against the ZnO matrix during drying and crystallization. This resistance amplifies the surface buckling effect, leading to a more pronounced wrinkle structure. In particular, the root mean square (RMS) surface roughness also increases as the CNT concentration rises. The roughness, which was measured at 11 nm for pure ZnO films, escalated to 35 nm at 0.5 wt% CNTs and further to 59 nm at 1.5 wt%. This increase in roughness is closely tied to the intensification of the buckling effect as more CNTs are added. Moreover, as the CNT content increases from 0.5 to 2.0 wt% in the CNT-ZnO composite films, the average wrinkle diameter significantly increases from 0.352 µm to 1.23 µm, respectively. This suggests a strong correlation between the CNT concentration and the size of the surface wrinkles. The wrinkled structure becomes more prominent as the CNTs, due to their superior mechanical strength and rigidity, further resist the shrinkage forces within the film during the post-bake process. This resistance to the contraction of the ZnO matrix not only causes a more pronounced wrinkling but also enhances the surface texture. However, as the CNT concentration reaches 2.0 wt%, the surface morphology does not exhibit further significant changes. This plateau in surface roughness is likely due to the saturation of CNTs within the ZnO matrix. At higher concentrations, the CNTs may begin to aggregate, reducing their ability to interact uniformly with the ZnO matrix. Additionally, as shown in Figure S2, the SEM analysis of large areas clearly reveals protrusions and depressions, indicating that regional differences in ZnO wrinkle thickness and CNT density may exist.



The excessive CNT content could lead to a reduction in the mechanical interaction needed to amplify the buckling effect, as the ZnO matrix becomes too heavily influenced by the presence of CNTs to further increase surface distortions. Overall, the incorporation of CNTs into ZnO films leads to an increase in the wrinkle structure due to the buckling effect. This phenomenon is driven by the mechanical stress imposed by the CNTs during the thermal treatment of the sol–gel process, and it becomes more pronounced as the CNT concentration increases. Despite the formation of numerous surface wrinkle structures due to the incorporation of CNTs into ZnO, the overall macroscopic surface retains a mirror-like quality. As shown in the insets of Figure 1f, this surface is not only shiny but also semi-transparent, to the extent that the image behind it is clearly visible.



The crystallographic properties of CNT-incorporated ZnO thin films were analyzed using HR-XRD ω/2θ scans, as shown in Figure 2. The XRD patterns for ZnO films with varying CNT concentrations (0 to 2.0 wt%) were compared. Regardless of the CNT concentration, the results confirm that the (002) facet of ZnO remained the dominant crystal orientation, as indicated by the sharp peak near 34.4° corresponding to the ZnO (002) plane. This suggests that the ZnO films, grown using the sol–gel method on a c-plane sapphire substrate, exhibit strong c-axis orientation, which is the thermodynamically stable phase under the low- and high-temperature heat treatments. For the ZnO film without CNT incorporation (CNT 0%), a minor peak corresponding to the ZnO (101) plane around 36.3° was also observed, indicating the presence of a secondary orientation. However, as CNTs were incorporated into the films, the intensity of the ZnO (101) peak diminished slightly. This reduction in secondary crystallographic orientation suggests that CNT incorporation may disrupt the formation of additional planes, allowing the ZnO (002) plane to dominate. Additionally, it was observed that the (002) peak intensity slightly decreased, and the FWHM increased with the inclusion of CNTs. This broadening of the (002) peak, particularly at higher CNT concentrations, suggests a slight reduction in crystallinity. The CNTs likely introduce mechanical stress and strain during the high-temperature annealing process, disrupting the uniform growth of ZnO crystals. The buckling effect of CNTs, which is responsible for the surface wrinkle structure, may also contribute to this slight degradation in crystal orientation by inducing local distortions in the ZnO matrix during crystallization [35]. Despite these changes, the ZnO (002) phase remained well-defined even at CNT concentrations as high as 2.0 wt%. The data suggest that the incorporation of CNTs up to 2.0 wt% does not prevent the formation of high-quality ZnO (002) thin films, though the orientation and crystallinity are modestly affected by the presence of CNTs, likely due to mechanical interactions between the CNTs and the ZnO lattice during the sol–gel process.



Figure 3a illustrates the optical properties of CNT-ZnO nanocomposite thin films, with PL measurements conducted using a 266 nm light source to analyze the effects of varying CNT concentrations. In the case of the ZnO thin film deposited via the sol–gel method without CNT incorporation, a strong PL band-edge emission was observed around 380 nm. This emission corresponds to the near-band-edge recombination of ZnO, demonstrating the high optical quality of the thin film [1]. Additionally, the film exhibited a relatively low deep-level emission beyond 450 nm, attributed to defects such as zinc interstitials and oxygen vacancies [16,17]. As the CNT concentration increased, the band-edge emission intensity also showed an upward trend. This suggests an enhancement in light extraction efficiency, likely due to the surface texturing effect induced by the CNTs, as observed in the previous surface morphology analysis (Figure 1). However, it is notable that while the band-edge emission increased, the deep-level emission remained relatively constant, irrespective of the CNT concentration. This phenomenon can be explained by the formation of a locally heterogeneous p-CNT/n-ZnO junction in the composite film. The introduction of CNTs into the ZnO matrix appears to increase carrier generation and recombination at the p-n heterojunctions, boosting the band-edge emission [36]. However, because the deep-level defects in ZnO are not significantly affected by this process, the corresponding deep-level luminescence does not show a similar increase. This selective enhancement in band-edge emission, without an increase in defect-related emissions, highlights the unique role of CNTs in improving the optical performance of the ZnO nanocomposite thin films. Figure 4b displays the Tauc plot, which is typically used to estimate the optical bandgap of materials. It shows the variation in (αhν)2 as a function of the photon energy for ZnO thin films with CNT concentrations ranging from 0 wt% to 2.0 wt%. For the pure ZnO film (0 wt% CNT), the bandgap appears to be around 3.2 eV, consistent with typical ZnO properties. As the CNT content increases, the absorption edge gradually shifts toward lower photon energies, indicating a potential reduction in the optical bandgap. This shift suggests improved light absorption, likely due to the introduction of additional energy states or enhanced charge separation at the CNT-ZnO interface. As a result, the absorption of light at a 365 nm wavelength increased progressively with increasing CNT incorporation from 0 to 2.0 wt%, as shown in the inset of Figure 4b. The incorporation of CNTs enhances the photon interaction with the ZnO matrix, creating more effective pathways for charge transfer. The gradual improvement in absorption efficiency aligns with the structural and electronic changes induced by the CNTs, enabling a more effective utilization of incoming light energy for charge generation.



Figure 4a,b present the carrier concentration and resistivity values of ZnO thin films as a function of CNT incorporation, measured using the Van der Pauw method. The carrier concentration of the ZnO thin film without CNT incorporation was determined to be 2.07 × 1017 cm−3. Upon incorporating CNTs at a concentration of 0.5 wt%, the carrier concentration decreased to 1.92 × 1017 cm−3. This initial reduction may be attributed to the disruption of the intrinsic n-type conductivity of ZnO due to the presence of CNTs, which could lead to charge carrier scattering or compensation effects. Specifically, the CNTs may introduce localized energy states that can trap electrons, thereby reducing the free carrier concentration in the ZnO matrix. As the CNT concentration increased to 1.0 wt%, the carrier concentration showed a notable increase to 2.0×1017 cm−3. This resurgence in carrier concentration suggests that, at this level of CNT incorporation, the beneficial effects of CNTs on electron mobility and charge transport begin to outweigh the initial scattering effects. The CNTs may facilitate enhanced electron transfer across the ZnO-CNT interface, improving overall conductivity. Furthermore, at a higher CNT concentration of 2.0 wt%, the carrier concentration increased further to 2.19 × 1017 cm−3. This increase can be attributed to a synergistic effect where the CNTs not only provide additional conductive pathways but also help maintain the structural integrity of the ZnO, allowing for a more favorable environment for electron transport. The presence of more CNTs could enhance electron delocalization, leading to an overall improvement in charge carrier density. Figure 4b illustrates the resistivity of ZnO thin films deposited by the sol–gel method as a function of the weight percentage of incorporated CNTs. The resistivity of the ZnO thin film without CNT incorporation was measured at 26.5 Ω-cm. Upon the addition of 0.5 wt% CNTs, a significant decrease in resistivity was observed, dropping to 14.5 Ω-cm. This reduction in resistivity can be attributed to enhanced charge carrier mobility facilitated by the CNTs, which provide conductive pathways that facilitate electron transport through the ZnO matrix.



Figure 5a presents a graph illustrating the voltage–dark current characteristics of a metal/ZnO-CNT/metal structure, where Al and Au metals are bonded to a ZnO film incorporating CNTs in concentrations ranging from 0 to 2.0 wt%. At an applied voltage of 5.0 V, the dark current for the ZnO film without CNTs was measured at 0.34 mA. However, this dark current increased significantly to 1.7 mA with the incorporation of CNTs up to 1.5 wt%, before slightly decreasing to 1.64 mA at 2.0 wt%. This trend can be attributed to the reduced resistivity of the ZnO film as CNTs were incorporated, which, as shown in Figure 4b, enhances the charge transport capabilities and results in an increased dark current. The increase in dark current with the addition of CNTs to the ZnO matrix is due to two main factors. First, CNTs provide a highly conductive pathway, reducing resistance and allowing electrons to travel more easily. This leads to higher current flow. Second, CNTs can introduce localized states in the bandgap of ZnO film, increasing trap density. As shown in Figure 4a, these additional trap states can lead to an increase in carrier concentration that can enhance non-radiative recombination, leading to an increase in dark current. The subsequent photocurrent versus applied voltage curve, obtained by subtracting the dark current from the UV current generated by applying 365 nm UV light to the metal/ZnO-CNT/metal structure photodetector, is shown in Figure 5b. At an applied voltage of 5.0 V, the photocurrent trends closely mirrored the behavior of the dark current. The photocurrent exhibited a gradual increase as the CNT concentration rose from 0 to 1.5 wt%, highlighting that the optimal incorporation of CNTs significantly enhances the photoreactivity of the device. Beyond this concentration, specifically at 2.0 wt%, the photocurrent diminished, as illustrated in Figure 5c, indicating that the photodetector’s efficiency is maximized at 1.5 wt%. Moreover, the photoresponsivity of photodetector also exhibited a similar trend, gradually increasing with CNT incorporation up to 1.5 wt% before decreasing with further increases, as shown in Figure 5d. The photoresponsivity (Rs) was calculated using the formula of Rs = Iphoto − Idark/P0A, where Iphoto is the photocurrent, Idark is the dark current, P0 represents the applied UV power, and A is the sensing area of the photodetector [37,38]. This emphasizes that both the dark current and photocurrent at 1.5 wt% are essential for achieving peak photoresponsivity in the CNT-ZnO MSM structure, thus optimizing its performance for practical applications in UV light detection. This optimal performance at 1.5 wt% can be further attributed to the adsorption and desorption processes of oxygen on the surface wrinkle structure of the ZnO-CNT nanocomposite when UV light is applied [38]. At this concentration, the presence of CNTs facilitates the formation of a favorable p-CNT/n-ZnO heterojunction, which enhances charge separation and improves the response to UV light.



The UV illumination leads to the excitation of electrons in the ZnO, promoting the desorption of adsorbed oxygen molecules from the surface. The optimal balance of oxygen species enhances the formation of charge carriers, thus significantly increasing both the photocurrent and photoresponsivity. Moreover, the increase in CNT content contributes to the formation of surface wrinkle structures, as depicted in Figure 1, which can further enhance the distribution of active sites for photoreactions. As CNTs are incorporated, the surface wrinkle structure becomes more complex, creating additional paths for charge carriers and increasing the number of active sites for oxygen adsorption. The enhanced light intensity from the UV source interacts with these sites, facilitating photoreaction processes that can effectively eliminate oxygen. However, the excessive incorporation of CNTs beyond 1.5 wt% may lead to a saturation of these active sites, resulting in a decrease in both photocurrent and photoresponsivity. This indicates the importance of optimizing the CNT concentration to maximize both photoresponsivity and oxygen absorption capabilities in the ZnO-CNT photodetector system.



Figure 6a illustrates the photocurrent behavior over time following 950 s of UV excitation in the metal/CNT-ZnO/metal photodetector structure, along with the cessation of UV exposure. The maximum photocurrent exhibited a significant increase from 196.8 µA to 502.9 µA as the CNT content rose from 0 to 1.5 wt%. However, this maximum value slightly decreased to 484.7 µA when the CNT concentration was further increased to 2.0 wt%, as depicted in Figure 6b. The ZnO photodetector without CNTs exhibited a sluggish response to UV excitation, reaching its peak photocurrent after approximately 900 s. In contrast, the incorporation of CNTs resulted in a more rapid saturation of the photoexcited current compared to the pure ZnO photodetector. Notably, both the rising time—indicative of the photocurrent’s increase in response to UV light—and the falling time—reflecting the decrease in photocurrent after the UV light is turned off—were significantly shorter with CNT incorporation. The optimal performance was observed at a CNT content of 1.5 wt%, which resulted in the fastest rising and falling times, as illustrated in Figure 6c,d. This enhanced time-dependent reactivity at 1.5 wt% can be attributed to the formation of an optimal p-CNT/n-ZnO heterojunction, which facilitates efficient charge separation and transport. Additionally, the surface texture created by the CNTs improves the adsorption/desorption dynamics of oxygen species, enhancing the overall carrier dynamics in the photodetector.




4. Conclusions


We investigate the enhancement in sol–gel ZnO thin films through the incorporation of SWCNTs to develop effective photodetectors. Utilizing a C-plane sapphire substrate, ZnO thin films were fabricated with varying CNT concentrations. Characterization techniques, including HR-XRD and PL, revealed the preferential growth of the ZnO (002) facet and increased band-edge emission with CNT incorporation. The electrical properties were evaluated using Hall measurements, showing a decrease in resistivity and variations in carrier concentration with increasing CNT content. The optimal CNT concentration of 1.5 wt% resulted in a significant increase in the dark current (from 0.34 mA to 1.7 mA) and peak photocurrent (502.9 µA), along with improved photoresponsivity. The response time for photocurrent was notably faster at this concentration, indicating enhanced charge carrier dynamics facilitated by the formation of a p-CNT/n-ZnO heterojunction. Additionally, the study highlights the impact of surface morphology and the adsorption/desorption of oxygen species in the ZnO-CNT nanocomposite, contributing to the device’s improved performance. These findings suggest that CNTs significantly enhance the properties of ZnO-based photodetectors, making them promising for optoelectronic applications.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ma17215325/s1. Figure S1: (a) Raman spectrum of single-wall CNT films showing characteristic RBM, D, G, and G′-bands. (b) Raman spectra of CNT-ZnO composite films with varying CNT concentrations from 0 wt% to 2.0 wt%; Figure S2: SEM image of the wrinkle structure formation in CNT-ZnO composite film with 2.0 wt% CNTs.





Author Contributions


Conceptualization, S.-N.L.; methodology, H.-J.K.; validation, S.H.L. and D.J.; resources, S.-N.L.; data curation, S.H.L. and H.-J.K.; writing—original draft preparation, H.-J.K. and S.-N.L.; writing—review and editing, S.-N.L.; visualization, H.-J.K.; supervision, S.-N.L.; project administration, S.-N.L.; funding acquisition, S.-N.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work supported by Research Program (RS-2024-00467765) through Korea Technology and Information Promotion Agency funded by the Ministry of SMEs and Startups, and Research Program (RS-2024-00456813) through Commercialization Promotion Agency for R&D Outcomes of Korea funded by the Ministry of Education, Science and Technology.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy concerns.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Ozgur, U.; Alivov, Y.I.; Liu, C.; Reshchikov, M.A.; Dogan, S.; Avrutin, V.; Cho, S.-J.; Morkoc, H. A comprehensive review of ZnO materials and devices. J. Appl. Phys. 2005, 98, 041301. [Google Scholar] [CrossRef]

	



Kim, K.-W.; Choi, N.-J.; Kim, K.-B.; Kim, M.; Lee, S.-N. Growth and characterization of nonpolar (10-10) ZnO transparent conductive oxide on semipolar (11-22) GaN-based light-emitting diodes. J. Alloys Comps. 2016, 666, 88–92. [Google Scholar] [CrossRef]

	



Gu, X.; Li, C.; Yuan, S.; Ma, M.; Qiang, Y.; Zhu, J. ZnO based heterojunctions and their application in environmental photocatalysis. Nanotechnology 2016, 27, 402001. [Google Scholar] [CrossRef] [PubMed]

	



Panda, S.K.; Jacob, C. Preparation of transparent ZnO thin films and their application in UV sensor devices. Solid State Electron. 2012, 73, 44–50. [Google Scholar] [CrossRef]

	



Pan, X.; Zhang, J.; Zhou, H.; Liu, R.; Wu, D.; Wang, R.; Shen, L.; Tao, L.; Zhang, J.; Wang, H. Single-layer ZnO hollow hemispheres enable high-performance self-powered perovskite photodetector for optical communication. Nano-Micro Lett. 2020, 13, 70. [Google Scholar] [CrossRef]

	



Liu, K.; Sakura, M.; Aono, M. ZnO-based ultraviolet photodetectors. Sensors 2010, 10, 8604–8634. [Google Scholar] [CrossRef]

	



Lee, G.W.; Baek, S.H.; Kim, H.W.; Lee, S.-N. A high-photocurrent and fast-response polarity-controlled ZnO-based UV photodetector grown by a sol-gel process. Phys. Status Solidi Rapid Res. Lett. 2021, 15, 2000501. [Google Scholar] [CrossRef]

	



Znaidi, L. Sol-gel-deposited ZnO thin films: A review. Mater. Sci. Eng. B 2010, 174, 18–30. [Google Scholar] [CrossRef]

	



Water, W.; Chu, S.-Y. Physical and structural properties ZnO sputtered films. Mater. Lett. 2002, 55, 67–72. [Google Scholar] [CrossRef]

	



Purica, M.; Budianu, E.; Rusu, E.; Danila, M.; Gavrila, R. Optical and structural investigation of ZnO thin films prepared by chemical vapor deposition. Thin Solid Films 2002, 403, 485–488. [Google Scholar] [CrossRef]

	



Shan, S.K.; Shin, B.C.; Jang, S.W.; Yu, Y.S. Substrate effects ZnO thin films prepared by PLD technique. J. Eur. Ceram. Soc. 2004, 24, 1015–1018. [Google Scholar] [CrossRef]

	



Johnson, M.A.L.; Fugita, S.; Rowland, W.H.; Hughes, W.C.; Cook, J.W.; Schetzina, J.F. MBE growth and properties of ZnO on sapphire and SiC substrates. J. Electron. Mater. 1996, 25, 855–862. [Google Scholar] [CrossRef]

	



Kim, D.; Kang, H.; Kim, J.-M.; Kim, H. The properties of plasma-enhanced atomic layer deposition (ALD) ZnO thin films and comparison with thermal ALD. Appl. Suf. Sci. 2011, 257, 3776–3779. [Google Scholar] [CrossRef]

	



Musat, V.; Teixeira, B.; Fortunato, E.; Monteiro, R.C.C.; Vilarinho, P. Al-doped ZnO thin films by sol-gel method. Surf. Coat. Tech. 2004, 180, 659–662. [Google Scholar] [CrossRef]

	



Chen, K.J.; Hung, F.Y.; Chang, S.J.; Hu, Z.S. Microstructures, optical and electrical properties of In-doped ZnO thin films prepared by sol-gel method. Appl. Surf. Sci. 2009, 255, 6308–6312. [Google Scholar] [CrossRef]

	



Kayaci, F.; Vempati, S.; Donmez, I.; Biyikli, N.; Uyar, T. Role of zinc interstitials and oxygen vacancies of ZnO in photocatalysis: A bottom-up approach to control defect density. Nanoscale 2014, 6, 10224–10234. [Google Scholar] [CrossRef]

	



Bandopadhyay, K.; Mitra, J. Zn interstitials and O vacancies responsible for n-type ZnO: What do the emission spectra reveal? RSC Adv. 2015, 5, 23540–23547. [Google Scholar] [CrossRef]

	



Son, H.S.; Cho, N.-J.; Kim, K.-B.; Kim, M.; Lee, S.-N. Al-doped ZnO seed layer-dependent crystallographic control of ZnO nanorods by using electrochemical deposition. Mater. Res. Bull. 2016, 82, 50–54. [Google Scholar] [CrossRef]

	



Xu, J.; Chang, Y.; Zhang, Y.; Ma, S.; Qu, Y.; Xu, C. Effect of silver ions on the structure of ZnO and photocatalytic performance of Ag/ZnO composites. Appl. Surf. Sci. 2008, 255, 1996–1999. [Google Scholar] [CrossRef]

	



Byrappa, K.; Dayananda, A.S.; Sajan, C.P.; Basavalingu, B.; Shayan, M.B.; Soga, K.; Yoshimura, M. Hydrothermal preparation of ZnO:CNT and TiO2:CNT composites and their photocatalytic applications. J. Mater. Sci. 2008, 43, 2348–2355. [Google Scholar] [CrossRef]

	



Politano, D.G.; Burza, S.; Versace, C. Cyclic voltammetry and impedance measurements of graphene oxide thin films dip-coated on n-type and p-type silicon. Crystals 2013, 13, 73. [Google Scholar] [CrossRef]

	



Kolahdouz, M.; Xu, B.; Nasiri, A.F.; Fathollahzadeh, M.; Manian, M.; Aghababa, H.; Wu, Y.; Radamson, H.H. Carbon-related materials: Graphene and carbon nanotubes in semiconductor applications and design. Micromachines 2022, 13, 1257. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Bagnall, D.; Nasiri, N. Highly Porous ZnO/CNT Hybrid Microclusters for Superior UV Photodetection. ACS Appl. Mater. Interfaces 2024, 16, 27614–27626. [Google Scholar] [CrossRef] [PubMed]

	



Choi, M.-S.; Park, T.; Kim, W.-J.; Hur, J. High-Performance Ultraviolet Photodetector Based on a Zinc Oxide Nanoparticle@Single-Walled Carbon Nanotube Heterojunction Hybrid Film. Nanomaterials 2020, 10, 395. [Google Scholar] [CrossRef] [PubMed]

	



Schroeder, V.; Savagatrup, S.; He, M.; Lin, S.; Swager, T.M. Carbon nanotube chemical sensors. Chem. Rev. 2019, 119, 599–663. [Google Scholar] [CrossRef]

	



Che, Y.; Chen, H.; Gui, H.; Liu, J.; Liu, B.; Zhou, C. Review of carbon nanotube nanoelectronics and microelectronics. Semicond. Sci. Technol. 2014, 29, 073001. [Google Scholar] [CrossRef]

	



Cho, W.B.; Bae, E.; Kang, D.; Chae, S.; Cheong, B.-H.; Ko, J.-H.; Lee, E.; Park, W. Aligned carbon nanotubes for nanoelectronics. Nanotechnology 2004, 15, S512–S516. [Google Scholar] [CrossRef]

	



Hernandez-Acosta, M.A.; Martinez-Gutierrez, H.; Martinez-Gonzalez, C.L.; Torres-SanMiguel, C.R.; Trejo-Valdez, M.; Torres-Torres, C. Fractional and chaotic electrical signatures exhibited by random carbon nanotube networks. Phys. Scr. 2018, 93, 115801. [Google Scholar] [CrossRef]

	



Boscarino, S.; Filice, S.; Sciuto, A.; Libertino, S.; Scuderi, M.; Galati, C.; Scales, S. Inverstigation of ZnO-decorated CNTs for UV light detection applications. Nanomaterials 2019, 9, 1099. [Google Scholar] [CrossRef]

	



Basak, D.; Amin, G.; Mallik, B.; Paul, G.K.; Sen, S.K. Photoconductive UV detectors on sol–gel-synthesized ZnO films. J. Cryst. Growth 2003, 256, 73–77. [Google Scholar] [CrossRef]

	



Chu, L.; Xu, C.; Zeng, W.; Nie, C.; Hu, Y. Fabrication and Application of Different Nanostructured ZnO in Ultraviolet Photodetectors: A Review. IEEE. Sens. J. 2022, 22, 7451–7462. [Google Scholar] [CrossRef]

	



Soci, C.; Zhang, A.; Xiang, B.; Dayeh, S.A.; Aplin, D.P.R.; Park, J.; Bao, X.Y.; Lo, Y.H.; Wang, D. ZnO Nanowire UV Photodetectors with High Internal Gain. Nano Lett. 2007, 7, 1003–1009. [Google Scholar] [CrossRef] [PubMed]

	



Wang, N.; Gu, Z.; Guo, Z.; Jiang, D.; Zhao, M. Improved high-performance ultraviolet photodetectors through controlled growth of ZnO lateral nanowires. J. Lumin. 2023, 262, 119939. [Google Scholar] [CrossRef]

	



Barthwal, S.; Singh, N. ZnO-CNT Nanocomposite: A Device as Electrochemical Sensor. Mater. Today Proceeding 2017, 4, 5552–5560. [Google Scholar] [CrossRef]

	



Lee, G.W.; Na, Y.C.; Lee, S.-N. Self-Assembled Nanowrinkle-Network-Structured Transparent Conductive Zinc Oxide for High-Efficiency Inorganic Light-Emitting Diodes. Adv. Mater. Interfaces 2022, 9, 2101460. [Google Scholar] [CrossRef]

	



Aier, K.M.; Dhar, J.C. Acid-modifed CNT/Zinc Oxide nanowires based high performance broadband photodetector. Sci. Rep. 2023, 13, 3193. [Google Scholar] [CrossRef]

	



Kim, J.H.; Choi, J.Y.; Na, H.; Lee, S.-N. High-Efficiency ZnO-Based Ultraviolet Photodetector with Integrated Single-Walled Carbon Nanotube Thin-Film Heater. Adv. Mater. Interfaces 2023, 10, 2300176. [Google Scholar] [CrossRef]

	



Choi, J.Y.; Lee, G.W.; Lee, S.-N. High-Performance Self-Assembled ZnO Nanowrinkle Network Structured Photodetectors. Phys. Status Solidi A 2023, 220, 2300338. [Google Scholar] [CrossRef]








[image: Materials 17 05325 g001] 





Figure 1. AFM images showing the surface morphology of ZnO thin films incorporated with CNTs at concentrations of (a) 0%, (b) 0.5 wt%, (c) 1.0 wt%, (d) 1.5 wt%, and (e) 2.0 wt%, fabricated using the sol–gel method. (f) RMS roughness of sol–gel-derived ZnO thin films embedded with varying concentrations of CNTs. Insets are photographic images of ZnO/sapphire and 2.0 wt% CNT-ZnO/sapphire. 
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Figure 2. High-resolution X-ray diffraction (HR-XRD) patterns of ZnO thin films with varying CNT concentrations (0 to 2.0 wt%) deposited on c-plane sapphire substrates using the sol–gel method. 
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Figure 3. (a) Room temperature photoluminescence spectra of CNT-ZnO nanocomposite thin films excited with a 266 nm light source, and (b) absorbance spectra of CNT-ZnO nanocomposite thin films as a function of wavelength measured using ultraviolet–visible spectroscopy. Insets of (a,b) show the PL band-edge intensity, full width at half maximum (FWHM), and the (αhν)2 (1011 eV2 cm−2) values for sol–gel-derived ZnO thin films embedded with varying CNT concentrations, presented as a function of CNT incorporation. 
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Figure 4. (a) Carrier concentration and (b) resistivity as a function of CNT concentration in CNT-ZnO nanocomposite thin films, measured using the van der Pauw method. 
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Figure 5. (a) Dark current–voltage and (b) photocurrent–voltage characteristics of the Al/ZnO-CNT/Al photodetector. The insets in (a,b) are a graph of the dark current as a function of CNT content at an applied voltage of 5.0 V and a schematic diagram of a CNT-ZnO nanocomposite photodetector with UV light applied, respectively. (c) Photocurrent and (d) photoresponsivity as a function of CNT content under a 5.0 V applied voltage. 
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Figure 6. Photocurrent as a function of time after 950 s of excitation and termination of 365 nm ultraviolet light on an Al/ZnO-CNT/Al photodetector: (a) photocurrent response upon UV light application, (b) maximum photocurrent, (c) rise time, and (d) fall time after UV light termination as a function of the CNT content. 
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