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Exploiting thermoplasmonic effects for laser-assisted preparation of Au nanoparticles/InZnO thin film with visible range photodetection properties

We propose a new method for preparing gold nanoparticles (Au NPs)/indium-zinc-oxide (IZO) nanocomposite thin films based on photothermal mechanisms with near-Infrared (NIR) laser-annealing, which allows integrating the nanomaterial on fragile substrates such as thin glass, plastic sheets, or 3D printed pieces. The Au NPs were first prepared by NIR laser dewetting of a thin Au layer.

Then, the Au NPs were used to locally cure the semiconductor material and provide suitable electronic properties owing to their efficient thermoplasmonic effects under our NIR laser annealing conditions. Finally, the electronic properties of the Au NPs/IZO thin films were characterized in the dark and under light excitation. Good photoresponsivity at 410 nm (UV, > 10 0 A/W) was demonstrated, but interestingly, the presence of Au NPs significantly improved the detection ability to a longer wavelength range, such as to 515 nm (green, ~ 5 × 10 -3 A/W), even extending to 630 nm (red, ~ 5 × 10 -4 A/W), and 780 nm (NIR, ~ 10 -4 A/W). In addition, with the critical evaluation of dynamic light detection and lifetime trace (> 22 days), the laser-annealed Au NPs/IZO photodetector (PD) demonstrated useful operating reliability and stability.

Introduction

Over the past few decades, thin-film oxide semiconductor devices have attracted considerable interest for various applications [START_REF] Yeh | Solution-Based Micro-and Nanoscale Metal Oxide Structures Formed by Direct Patterning for Electro-Optical Applications[END_REF], such as nanogenerators [START_REF] Waseem | Cu 2 O Heterostructured GaN Thin Film and GaN Nanowire Piezoelectric Nanogenerators[END_REF], sensors for biomedical [START_REF] Lin | NH 3 Plasma-Treated Magnesium Doped Zinc Oxide in Biomedical Sensors with Electrolyte-Insulator-Semiconductor (EIS) Structure for Urea and Glucose Applications[END_REF] or gas detection [4], photomemories [5,6], and photodetectors (PDs) [START_REF] Alema | Solar blind photodetector based on epitaxial zinc doped Ga 2 O 3 thin film[END_REF][START_REF] Ahmed | High-performance multicolor metal-semiconductor-metal Si photodetector enhanced by nanostructured NiO thin film[END_REF]. To achieve such excellent electrical properties, thin-film deposition by a high-vacuum system, such as sputtering, have been widely used [START_REF] Dong | Electrochromic properties and performance of NiOx films and their corresponding all-thin-film flexible devices preparedby reactive DC magnetron sputtering[END_REF][START_REF] Niang | Zinc tin oxide thin film transistors produced by a high rate reactive sputtering: effect of tin composition and annealing temperatures[END_REF][START_REF] Dawoud | Sputtered manganese oxide thin film on carbon nanotubes sheet as a flexible and binder-free electrode for supercapacitors[END_REF]. Such processes usually require high cost for device fabrication. In contrast, the use of solution-based materials, especially for metal precursors used in sol-gel chemistry, has attracted significant interest over the past few years [START_REF] Yu | Direct Laser Writing of Crystallized TiO 2 and TiO 2 /Carbon Microstructures with Tunable Conductive Properties[END_REF][START_REF] Han | Low-temperature, high-performance, solution-processed indium oxide thin-film transistors[END_REF][START_REF] Nomura | Room-temperature fabrication of transparent flexible thin-film transistors using amorphous oxide semiconductors[END_REF][START_REF] Leuschel | Deep-UV photoinduced chemical patterning at the micro-and nanoscale for directed self-assembly[END_REF][START_REF] Noor | A review of the Nd: YAG laser marking of plastic and ceramic IC packages[END_REF][START_REF] Ezra | The microsecond 1064 nm Nd: YAG laser as an adjunct to improving surgical scars following Mohs micrographic surgery[END_REF]. To achieve a thin-film oxide material based on the sol-gel method, a high-temperature thermal annealing process is usually necessary. It is necessary to remove the organic ligands and promote the condensation reaction to obtain a metal-oxide thin film from a xerogel structure. However, high-temperature treatment may limit further applications on flexible or plastic substrates. To date, a few techniques have been reported to overcome these drawbacks. Deep ultraviolet (DUV) or near infrared (NIR) annealing have already been proposed as the critical step for fabricating thin-film oxide semiconductor devices. Kim et al. [18], Bolat et al. [19], and Moon et al. [START_REF] Moon | Intense Pulsed Light Annealing Process of Indium-Gallium-Zinc-Oxide Semiconductors via Flash White Light Combined with Deep-UV and Near-Infrared Drying for High-Performance Thin-Film Transistors[END_REF] showed that DUV or NIR annealing at low environmental temperatures can be successfully used to obtain thin-film devices with good carrier mobility and electrical properties. Furthermore, we recently showed that the use of NIR dyes can significantly improve the NIR laser curing of sol-gel indium-zinc-oxide (IZO) materials and allow their use as gas sensors [START_REF] Chang | Near Infrared Laser-Annealed IZO Flexible Device as a Sensitive H2S Sensor at Room Temperature[END_REF].

One of the key parameters for the laser curing of metal-oxide precursors is to generate high absorption and efficient conversion to thermal energy. Because the sol-gel layers have an intrinsic low absorption in the NIR, it is necessary to add absorbers in the thin film to generate a local temperature increase. Highly conjugated organic molecules (NIR dyes), carbon black, and carbon nanotubes are potential candidates. Gold nanoparticles (Au NPs) have also proved their utility. Under light excitation, significant thermal effects can be generated, which are known as thermoplasmonic effects [START_REF] Webb | Emerging advances in nanomedicine with engineered gold nanostructures[END_REF][START_REF] Hodak | Spectroscopy and dynamics of nanometer-sized noble metal particles[END_REF][START_REF] Link | Laser photothermal melting and fragmentation of gold nanorods: energy and laser pulse-width dependence[END_REF][START_REF] Link | Shape and size dependence of radiative, non-radiative and photothermal properties of gold nanocrystals[END_REF][START_REF] Hirsch | Nanoshell-mediated near-infrared thermal therapy of tumors under magnetic resonance guidance[END_REF][START_REF] Govorov | Generating Heat with Metal Nanoparticles[END_REF]. They correspond to the damping of a plasmon resonance, which creates a temperature increase at the surface of NP that depends on several parameters such as irradiance of the incident light, irradiated area, light wavelength, nature and morphology, surface density, nature of the surrounding medium, and the substrate [START_REF] Baffou | Applications and challenges of thermoplasmonics[END_REF]. In specific conditions, temperature increases such as several hundreds of degrees are achievable and have been used to trigger several chemical reactions [START_REF] Fedoruk | Nanolithography by Plasmonic Heating and Optical Manipulation of Gold Nanoparticles[END_REF][START_REF] Stamplecoskie | Dual-Stage Lithography from a Light-Driven, Plasmon-Assisted Process: A Hierarchical Approach to Subwavelength Features[END_REF][START_REF] Walker | Photothermal Plasmonic Triggering of Au Nanoparticle Surface Radical Polymerization[END_REF]. In this paper, we demonstrate that this route is suitable for curing IZO thin films.

Moreover, when Au is used as nanoheaters in the film, the final material comprises Au NPs embedded in a MO thin film, which can be interesting for applications, such as PDs, with a sensitivity range that can span the UV and visible ranges owing to the extinction spectra of Au NPs. We demonstrated the potential of Finally, examples of Au NPs/IZO PDs were successfully fabricated on 3D printable polymer sheets, which firmly indicated that the novel NIR laser annealing technique can contribute to a breakthrough approach for integrating optoelectronic functions in the field of 3D printing technology.

Experimental section

Materials

Indium nitrate (indium(III) nitrate hydrate, 99.9%), zinc nitrate (zinc nitrate hexahydrate, 99.0%), and 2-methoxyethanol (2-MOE, 99.9%), which were used for forming photosensitive layer by sol-gel synthesis method, were purchased from Sigma Aldrich. The Au target for forming Au thin films (NPs) was purchased from Eloïse (France).

Synthesis of IZO using the sol-gel process:

To prepare the sol-gel IZO solution, indium nitrate and zinc nitrate precursors were dissolved in 2-MOE at a molar ratio of 5:4. The total concentration of indium: zinc in the solution was 0.25 M. After stirring for 24 h, the solution was used in the following PD fabrication steps.

Fabrication process of Au NPs/IZO PDs

Fig. 1(a) illustrates the fabrication steps for forming Au NPs/IZO PDs by an 808-nm-laser-annealing. The laser source was a high-power array of VCSELs (Innoptics) providing a maximum of 60 W over surfaces adjustable from 5 × 5 to 20 × 20 cm 2 . Initially, the substrates were prepared by a standard cleaning process, including dipping them in acetone and ethanol with ultrasonic baths. Next, the substrates were deposited in a sputtering machine (CRESSINGTON 108 auto) to form an Au film with a nominal thickness of 8 nm. The first laser-annealing step was used to generate Au NPs with no additional treatment.

The IZO precursor solution was deposited by spin-coating (SÜSS MicroTec spin-coater), thereby resulting in a continuous layer of IZO precursors covering the Au NPs. Then, a 2 nd laser-annealing process was adopted to convert the IZO precursors into amorphous IZO by removing solvent and organic residues, and inducing condensation. Finally, 20-nm-Au electrodes were deposited by sputtering through a shadow mask, which defined the active area of the PD as 2 × 2 mm 2 . Fig. 1(b) shows a schematic of the cross-section structure of the PD. The interval between the electrodes was set to 200 μm, which helped the device work as a miniaturized photosensitive resistor. In addition, Fig. 1(c) shows a real image of the experimental sample fabricated by an 808-nm-laser-annealing, including the Au NPs synthesized by the 1 st annealing process (28 W•cm -2 for 30 min) and Au NPs with IZO curing by the 2 nd annealing process (20 W•cm -2 for 1 h). As seen in these images, the generation of Au NPs by the 1 st laser annealing results in a color change from the olive to purple. After IZO was coated on the Au NPs during the 2 nd annealing process, the color of the treated part changed again to indigo.

For the comparison of Au NPs/IZO PDs fabricated by conventional thermal and the novel 808-nm-laser-annealing process, one PD with a similar structure was prepared. The fabrication process was the same as that in Fig. 1(a), except that the 1 st and 2 nd annealing processes were replaced by the thermal annealing processes. In all cases, the Au NPs arrays were characterized by UV-vis spectroscopy. With given fabrication process parameters, good reproducibility could be obtained, as proved by reproducible extinction spectra.

Device characterization

Atomic force microscopy (AFM) was performed using a Molecular Imaging PicoPlus (resonant mode). Au NP morphology was also studied by TEM with an ARM200F JEOL high-resolution transmission electron microscope. Silicon TEM grids with two rectangular slits (1500 × 100 µm) covered one face, with a 50 nm-thick Si 3 N 4 membrane (TEDPELLA). UV-visible spectra were recorded on a PerkinElmer Lambda 950 spectrophotometer, and XPS spectra were recorded on a ULVAC-PHI, PHI QuanteraII.

The light detection performance of the Au NPs/IZO PD was evaluated at 410 nm (UV), 465 nm (blue), 515 nm (green), and 630 nm (red) using commercial LEDs, and at 780 nm with an NIR laser diode. In addition, the PDs were connected to the electrical measurement system (KEITHLEY 2636B) to provide the sweeping voltage or fixed bias voltage with a dynamic monitoring function to collect the electrical properties.

Results and discussion

Surface morphology and LSPR characteristics of Au NPs/IZO film

In this study, Au NPs served as the key components of the device for their fabrication and final properties. The spectral properties of the PD are directly linked to the LSPR of the NPs, which are driven by their morphology. The synthesis of Au NPs on glass substrates was thus optimized. Fig. 2(a)-2(c) show the surface morphology obtained by AFM. Fig. 2(a) shows the original Au film with a thickness of 8 nm, with a smooth surface morphology (roughness: 1.27 nm). In Fig. 2(b), the sample was synthesized by a thermal annealing process (300 °C, 1 h). As shown in Fig. 2(c), the sample was synthesized by an 808-nm-laser-annealing process (28 W•cm -2 , 30 min). Both exhibited a discontinuous structure on their surfaces, demonstrating Au NPs can be synthesized by either thermal or laser treatment. In addition, the morphology of the Au NPs synthesized by laser-annealing process (average thickness: 29.6 nm, under 28 W•cm -2 , 30 min) could be tuned to similar results as those synthesized by the thermal annealing process (average thickness: 23.6 nm, under 300 °C, 1 h). For confirming the exact size distribution of Au NPs, TEM was used. Fig. 2(d) shows the image of Au NPs obtained by thermal annealing under the same conditions as Fig. 2(b), wherein well-disconnected Au NPs can be observed. The average distance between NPs appears to be more important in TEM analysis, which can be explained by the AFM tip aspect ratio in AFM images that artificially decrease this distance. Furthermore, from the TEM image analysis, the mean perimeter [Fig. S1(a)] and mean area [Fig. S1(b)] can be evaluated, which helps in evaluating the average diameter of Au NPs as approximately 21.9 nm (assuming a circular shape, which is a rough estimation). Interestingly, the NP structure remained unchanged after IZO coating (Fig. S1(c) to S1(e), average diameter: 20.2 nm). For all preparation conditions used in this study, it can be observed that the size and morphology of NPs is quite inhomogeneous. As shown later in this paper, such characteristic generates a broad extinction spectrum that is very interesting for fabricating PDs with broad spectral sensitivity. The electrical characteristic comparison of devices prepared by thermal annealed IZO (400 °C, 1 h) covered with Au film or Au NPs (300 °C, 1 h) and laser annealed Au NPs (28 W•cm -2 , 30 min)/IZO (20 W•cm -2 , 1 h) film.

To further investigate the correlation between the 808-nm-laser-annealing and thermal annealing process, Fig. 2(e) and 2(f) display the corresponding NP extinction spectra, which cover the range from 350 (UV) to 1200 nm (IR) for each fabrication step. From Fig. 2(e), the original spectrum of the 8-nm-Au film (red curve) shows absorption in the entire light spectrum from 350 to 1200 nm. Although the Au film can have stronger absorption in the NIR range, no obvious absorbing peak can be observed. After the 1 st thermal annealing process (300 °C, 1 h) for Au NP synthesis, an absorption peak at 586 nm (blue curve) can be observed owing to the LSPR effect.

The spectral position of this peak is related to the average size [START_REF] Link | Size and temperature dependence of the plasmon absorption of colloidal gold nanoparticles[END_REF]. The IZO film has an extremely weak absorption in the visible or NIR wavelength ranges (Fig. 2(e), black curve), which justifies the coupling of IZO with Au NPs. After the 2 nd annealing process (400 °C, 1 h), the extinction spectrum of Au NPs is red-shifted to 650 nm (purple curve). This is mainly owing to the increase in the effective refractive index of the medium surrounding the Au NPs. Indeed, it is well established that the refractive index of sol-gel layers increases during thermal treatment owing to the loss of organic functions and densification induced by condensation reactions, resulting in the shift of LSPR [START_REF] Rai | Surface enhanced absorption and transmission from dye coated gold nanoparticles in thin films[END_REF]. The absorption in the NIR range of the raw Au film with a thickness of 8 nm suggests that a photothermal treatment may be possible using NIR laser annealing (808 nm continuous laser) to replace the conventional thermal annealing process. Fig. 2(f) shows the spectra of Au NPs prepared by the 808-nmlaser-annealing process. The results are similar to those obtained by thermal treatment; the generation of Au NPs by the 1 st laser-annealing process (28 W•cm 2 , 30 min) produces a peak at 580 nm (blue curve). These results confirm the data obtained by AFM showing that continuous NIR laser annealing can produce metal NPs. This approach is beneficial because the second annealing step can also be conducted using the same laser. After IZO covering and 2 nd laser annealing (20 W•cm -2 , 1 h), the heat generated by the Au NPs is sufficient to red-shift the absorption peak to 645 nm (purple curve), which is close to the value obtained by thermal treatment.

To confirm the formation of disconnected Au NPs, the electrical properties of the thin films were characterized. Fig. 2(g) shows the dark current measured from the devices of an 8-nm-Au film coated with IZO (Au film/IZO) and IZO with Au NPs coupling (Au NPs/IZO) under an 808 nm laser or thermal annealing process. For the Au film, a high current was recorded (approximately 10 -3 A), which can be explained by the shortcut produced by the continuous Au film under the IZO layer. For Au NPs/IZO, the conductivity can be successfully lowered and the current reached around 10 -7 A. This result confirms the discontinuous structure of Au NPs and confirms the similar structures that can be obtained by both thermal and laser annealing.

Correlation of an 808 nm laser or thermal-annealed IZO with chemical analysis:

The curing of IZO under laser annealing was investigated by XPS and TEM. . This shows that the IZO layer fully covers the Au NPs and is also confirmed by chemical mapping of the Au NPs/IZO film achieved by TEM analysis (Fig. 3(c)). On these images, the homogeneous distribution of Zn and In within the thin film is also demonstrated. 

Light-detecting performance of an 808-nm-laser-annealed Au NPs/IZO PD:

The light detection performance of Au NPs/IZO PDs was evaluated to demonstrate that these devices can serve as broadband PDs. Thermal-annealed IZO (400 °C, 1 h) PDs were used as reference devices for comparison with the devices prepared with an 808-nm-laser-annealing (1 st annealing: 28 W/cm 2 , 30 min, and 2 nd annealing: 20 W•cm -2 , 1 h). In addition, commercial LEDs with illumination peaks at 410 nm (UV, 38 mW•cm -2 ), 465 nm (blue, 750 mW•cm -2 ), 515 nm (green, 325 mW•cm -2 ), 630 nm (red, 325 mW•cm -2 ), and 780 nm laser diode (NIR, 275 mW•cm -2 ) were used in this section. It also shows that when Au NPs are discontinued, they do not contribute significantly to the sample conductivity. For blue light detection, the response is quite similar for devices with and without NPs. For longer wavelength detection, such as red light detection, the IZO PD was found with little light detection performance. However, with the assisting absorption of Au NPs, the detection of red light (red curves) is significantly improved when using laser-annealed Au NPs/IZO PDs. Apart from the light-detecting performance shown on Fig. 4(a), Fig. S3(a) to S3(g) offer the compilations of an 808-nm-laser-annealed Au NPs/IZO PD with keeping the 1 st annealing condition as 28 W•cm -2 for 30 min, but adjusting the 2 nd annealing power from 16 to 24 W•cm -2 , and increasing the treatment time from 10 to 60 min. To summarize the trend, the dark current level can be increased from 10 -8 to 10 -4 A by increasing the laser-annealing power and time. However, the higher dark current level can finally lead to the extinction of light-detecting ability because the difference between photo-induced and dark current cannot be well distinguished anymore. The encapsulation-free design also enhances the possibility for further applications on flexible surfaces.

Table.1:

The comparison with alternative nanocomposite PDs

Light-detecting mechanism of an 808-nm-laser-annealed Au NPs/IZO PD:

To realize the wide range (410-780 nm) light-detecting performance of our 808-nm-laser-annealed Au NPs/IZO PD, the inclusion of Au NPs is expected to play the most significant role. From Haifei et al. [START_REF] Haifei | Mapping Hot Electron Response of Individual Gold Nanocrystals on a TiO 2 Photoanode[END_REF] with the mechanism shown in 

An 808-nm-laser-annealed Au NPs/IZO PD on plastic/flexible substrates:

In this last section, we demonstrate one of the most interesting features of our new fabrication process. To extend the field of applications, we produced some examples of full laser-processed Au NPs/IZO PDs on 3D polymer pieces (Dentona Optiprint Splint 385) substrates prepared by 3D printing. Owing to the tolerance of heat on such substrates cannot be as high as glass substrates, the low power of the 808-nm-laser-annealing process for both Au NPs synthesis and IZO curing is necessary. 

Conclusion

In this study, a novel solution-processed Au NPs/IZO PD with a wide range of detection performance, fabricated by an 808 nm laser annealing process, was successfully achieved. First, we recognized that the strong absorption of the Au film with a thickness of 8 nm in the NIR range could generate heat from 808 nm laser irradiation (28 W•cm -2 , 30 min). Then, the Au NPs, which have similar morphology and absorption characteristics, could be successfully converted from a following 

  our process through the proof-of-concept fabrication of a PD. Because visible-light detection [32,33] is interesting for biomedical detectors or colorimetric sensors in the Internet of Things (IoT), UV PDs [34] are important for chemical and biological analysis or flame detection and NIR PD [35,36] opens new possibilities in optical imaging for brain science, medical diagnostics, or remote sensing. Therefore, designing a PD under a low environmental temperature fabrication process with a wide range of detection ability and good operating lifetime without an extra encapsulation process is crucial. Herein, we aim to provide a fabrication process that is compatible with these features and with substrates that cannot withstand thermal annealing, even at moderate temperatures for such PDs. In this study, a PD with a wide detection range was successfully prepared from sol-gel IZO with Au NPs by full NIR laser annealing. ZnO was chosen because it is an environmentally friendly material [37] with a wide energy band gap (~ 3.3 eV) and stability in air. Its carrier mobility can be easily adjusted by ion doping, like indium ion doping, which is commonly used in thin-film transistors (TFTs) [38]. To fabricate ZnO-based PDs with an improvement in photoresponse of the long wavelength range, NIR laser annealing was first used to generate Au NPs by laser-induced dewetting of Au thin film [39]. This method was chosen because it can be performed at room temperature, and it is a convenient way to generate dense arrays of Au NPs. Indeed, the localized surface plasmon resonance (LSPR) effect generated from Au NP nanostructures coupled to IZO can extend the photosensitivity toward the visible range and NIR [40,41]. Furthermore, we discovered that using Au NPs as nanoheaters by low-power light excitation, we were able to ensure the curing of the thin-film semiconducting material by thermoplasmonic effects [42,43]. This novel approach allowed the preparation of Au NPs covered by an IZO thin layer with a wide range of light-detecting properties. The fabrication process is detailed, and we demonstrated the central role of the Au NPs in the fabrication process and the final photodetecting properties.

Fig. 1 :

 1 Fig. 1: (a) Schematic of the PDs fabrication process. (b) Cross-section structure of the PD device. (c) Full laser-processed Au NPs doped IZO PD as in steps 3 and 5 of the fabrication process.

Fig. 2 :

 2 Fig. 2: AFM images of (a) Au film (8 nm), (b) Au NPs synthesized by 300 °C thermal-annealing for 1 h, and (c) Au NPs synthesized by an 808 nm laser annealing at 28 W•cm -2 for 30 min. (d) TEM images of Au NPs synthesized by 300 °C thermal-annealing for 1 h; the absorption spectra of each corresponding fabrication process of Au NPs/IZO structure (e) by thermal-annealing (Au NPs (300 °C, 1 h)/IZO (400 °C,

Fig. 3 (Fig. 3 (

 33 Fig. 3(a) and 3(b) show the XPS analysis of the O(1s) peak for the Au NPs/IZO film fabricated by full thermal or 808-nm-laser-annealing. For each annealing process, we compared the results before and after IZO curing on glass substrates with Au NPs. In Fig. 3(a), the changes observed under thermal annealing are consistent with those reported previously [21]. A significant decrease in vacancies was observed with an increase in the M-O, which corresponds to the condensation reactions induced by thermal treatments. The moderate temperature leads to amorphous materials, which explain the relatively high level of vacancies in the final material. Remarkably, Fig. 3(b) shows a similar structure of the O(1s) peak after IZO curing by an 808-nm-laser-annealing under 20 W•cm -2 , 1 h. This confirms the possibility of using Au NPs as nanoheaters with a temperature increase that is sufficient to obtain the same material as thermal curing at 400 °C. Photoplasmonic effects have been the subject of extensive experimental and numerical studies recently [46-49], and we confirmed here that it can be used very efficiently to generate local heating to promote chemical reactions. The effect is quite efficient under our conditions owing to the choice of NIR wavelength for irradiation, and the high density of NP at the surface, which promotes collective effects. Furthermore, XPS confirms the structure of the Au NPs/IZO film, as schematized in Fig. 1(b) because the Au signal cannot be found from full range XPS scanning for

Fig. 3 :

 3 Fig. 3: XPS analysis for IZO before/after (a) thermal annealing (400 °C, 1 h) or (b) an 808 nm laser annealing (20 W•cm -2 , 1 h) on glass substrates with Au NPs; (c) The chemical mapping of thermal annealed Au NPs (300 °C, 1 h)/IZO (400 °C, 1 h) film.

Fig. 4 (

 4 Fig. 4(a) shows the dark and light-induced (blue and red LEDs) current for the thermally annealed IZO (without Au NPs) and laser-annealed Au NPs/IZO PDs. From the results, both PDs have similar dark current levels, which implies that the IZO film fabricated under two different annealing treatments can have similar carrier mobilities.

  To further point out the role of Au NPs, the normalized photoresponsivity calculated by the following function (1) [50] for both the thermally annealed IZO and laser-annealed Au-NP-doped IZO PDs are shown in Fig. 4(b) and 4(c). Because the PDs in our work were designed as photosensitive resistors, the photoresponsivity can exhibit symmetric performance by sweeping voltage measurements.

From Fig. 4 (

 4 Photoresponsivity =.
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 44 Fig. 4(e) shows the dynamic light detection performance of the laser-annealed Au NP/IZO PD. With repeated light irradiation (1 min) and recovery (6 min) for three rounds, almost all the light-induced responses, which are defined by the value of the current difference ( ) between the photo-induced current and dark current, can easily be found. Although the laser-annealed PD can already perform reliable light-detecting signals, on the other hand, the slow recovery time may come from the carrier persisting phenomenon [6] in IZO or the carrier blocking effect by the Schottky barrier in the Au/IZO surface [41].To evaluate the operating stability of an 808-nm-laser-annealed Au NPs/IZO PD, Fig.4(f) offers its lifetime tracing performance by collecting light-induced (green and red LEDs) and dark current. From the results, the dark and light-induced current can almost be maintained at the same level in nearly 1 month (> 22 d), and the operation stability of the PD can be determined.

Fig. 4 :

 4 Fig. 4: The discussion based on electrical properties with an 808 nm laser annealed Au NPs (28 W•cm -2 , 30 min)/IZO (20 W•cm -2 , 1 h) PD and thermal annealed IZO (400 °C, 1 h) PD (a) the comparison of light/dark current performance; the photoresponsivity of (b) thermal annealed IZO, (c) an 808 nm laser annealed Au NPs/IZO PD; (d) the calibration relation of 808 nm laser annealed Au NPs/IZO PD with different operating bias voltage (e) the dynamic light-detecting performance, and (f) the lifetime tracing performance of an 808 nm laser annealed Au NPs/IZO PD
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 5 Fig. 5(a), when the wavelength of incident light corresponds to the LSPR range of Au NPs, it can be absorbed by the NPs. Next, the charge distribution for forming dipoles in Au NPs [59] can be found, and the oscillation direction of plasmonic damping follows the amplitude direction of the incident electromagnetic wave. Afterwards, the energy of the surface scattering phenomenon, which comes from a part of plasmonic damping, can finally lead to the generation of hot electrons on the surface of Au NPs. Therefore, the hot electron transfer phenomenon happening at the interface of the M-O contact can dominate the light-induced current in the long wavelength range. Due to the use of five light sources in total to compare the photoresponsivity of thermally annealed IZO and an 808-nm-laser-annealed Au NPs/IZO PDs (Fig. 4(b) and (c)), Fig. 5(b) to 5(e) are the corresponding band diagrams for discussing the light-detecting mechanism. For 410 nm (UV) detection in Fig. 5(b), both of the 2 PDs can have similar and the best performance. This is mainly because the photon energy of 410 nm (~ 3.03 eV) is quite close to the band gap of IZO, leading to band to band excitation of carriers in IZO. When the irradiation wavelength of light becomes longer to 465 nm (blue), the photoresponsivity of Fig. 4(b) and 4(c) can still maintain almost consistent performance. Owing to the absorption decrease of IZO, the defect levels that exist in between valance (E v ) and conduction (E c ) band can provide assistance for light-induced carrier excitation. When the irradiation light is shifted to 515 nm (green), the different photoresponsivity of the two PDs can be observed. Although the IZO PD can still work for this light detection, the photoresponsivity of Au NPs/IZO PDs can be 10× higher, which proves the importance of Au NPs coupling. From Fig. 5(d), the defect levels in IZO can still work for generating photo-induced carriers; however, the hot electrons transferred from the Au NPs to IZO offer another route for forming light-induced current. Owing to the hot electrons generated from the LSPR effect on Au NPs, the temporary Fermi-Dirac distribution of hot electrons can be built, which finally results in the contribution of photo-induced current by thermionic emission. Finally, Fig. 5(e) corresponds to the detection of an extremely long wavelength range, such as 630 nm (red) and 780 nm (NIR). Because the IZO PD hardly demonstrates its photoresponsivity in this range, the Au NPs/IZO PD can still have the available detection ability, the hot electron transfer of Au NPs plays the most significant role in
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 5 Fig. 5: (a)The generation steps of hot electrons on Au NPs, and the light-detecting mechanism base on M-O contact with (b) 410 nm-UV, (c) 465 nm-blue, (d) 515 nm-green, and (e) 630 nm-red and 780 nm-NIR
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 66 Fig. 6(b), the Au NPs/IZO PD can be used to demonstrate UV detection because the repeated I value can be collected. Although the light-detecting performance still needs to be improved, the useful applications of Au NPs/IZO PDs on arbitrary 3D printed figures can be expected.

Fig. 6 :

 6 Fig. 6: An 808 nm laser annealed (a) Au NPs on photopolymerized resin substrate by 5.5 W•cm -2 , 10 min, and (b) an Au NPs/IZO PD for UV (365 nm, 81.1 mW•cm -2 ) dynamic detection.
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 6264 photoresponsivity or response speed. Furthermore, from our work, the initial trials of fabricating Au NPs/IZO PD on 3D printable polymer substrates for UV (365 nm) detection were accomplished under a low power 808-nm-laser-annealing process. In the near future, we aim to combine nanocomposite Au NPs/IZO or other sol-gel based metal oxide PD with colorimetric sensing techniques for building low-cost and reliable biomedical sensing systems.
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