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In this research, the pump-probe imaging technology and the time-resolved transmittance measurements are used to investigate the transient time scale of the oxidation area, the dewetted melt pool, and the ablation-induced mass transport, and their dependence on the incident laser. Moreover, the evolution time of various morphologies have been studied through a certain delay time from 10 to 30 ns with different dynamic processes. Meanwhile, the underlying formation mechanism and the phase change pathway have been studied. In this regard, a nanosecond (ns) pulsed laser with 532 nm wavelength was used to fabricate nanostructures on the surface of the thin Copper (Cu) films. The observations confirmed that the oxidation process of Cu plays a significant role in the mechanism of laser fluence-dependent oxidation, melting, and ablation dynamics. The results revealed that the different characteristics of the Cu film are related to the incident laser pulse energy. Furthermore, the experimental evidence was in good agreement with the SEM images and the Raman spectra. It is found that the Cu2O surface-rim with a central hole could be fabricated with the laser fluences above the ablation threshold. Although, for the laser fluences below the ablation threshold, the Cu2O phase can be formed in the central region.
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INTRODUCTION
Nowadays, nanostructures are considerably employed in various applications such as microelectronics, optoelectronics, biology, and sensing [1]. The vast applications of nanostructures have attracted great attention to design and fabricate nanostructures with lower costs and better geometrical and morphological characteristics. In this regard, several methods have been developed to fabricate surface-supported nanostructures [2, 3]. Among these methods, laser-induced nanostructure has the advantages of generating micrometer to nanometer structures, low thermal damage, non-contact nature, flexibility, non-planar fabrication [4–6]. Moreover, the possibility of creating a broad range of nanostructure by simply selecting the laser parameters (such as energy density, pulse duration, wavelength, and the number of pulses) gives laser-induced nanostructure a distinct advantage over other methods [7].
In this process, the laser irradiates to the surface of the substrate and causes deposition of the thin film on the surface of the substrate. Laser-induced nanostructure on the surface of the thin film includes several thermodynamic processes such as gasification, ablation, melting, and oxidation [8, 9]. Among different nanostructures categories, metal-based nanostructures have a great deal of research due to their unique optical, electronic, and sensing properties [10, 11]. For example, Copper (Cu), as an attractive metal for integrated circuits and flexible transparent conducting electrodes areas, is a fascinating alternative for producing nanostructures. It is worth mentioning that Cu is 90 times cheaper than silver (Ag) with similar electrical conductivity (Ag: 6.3 × 107 S•m−1, Cu: 5.96 × 107 S•m−1) [12]. Furthermore, the properties of Cu are significantly different from Ag, such as thermal conductivity (Ag: 428 W/mK, Cu: 401 W/mK) and heat capacity (Ag: 62.6 J/m3K2, Cu: 97 J/m3K2) [13, 14].
These processes can be controlled on the nanoscale to fabricate nanostructure with the desired geometrical and morphological characteristics [15]. Fundamental understanding of the phase change during oxidation, dewetting, and ablation processes of thin films is of great significance for improving the application of thin metal films in the manufacturing process of optoelectronics and microelectronic devices [16]. Therefore, it is necessary to understand the thermodynamic changes during laser-mater interaction. Until now, a number of optical detection methods have been employed to probe the transient dynamics of ablation. For instance, the shadowgraph imaging technique is primarily employed in characterizing mass ejection and plume generation. Moreover, the reflectance and the transmittance of thin films after pulsed laser irradiation are adequately captured by pump-probe technology [17].
Although the research on pulsed laser processing of thin films has been quite active and various research groups have carried out extensive research on the preparation of functional metal thin-film electrode materials, the precise transformation mechanism involving details has not been well understood. In particular, the induced time scale of phase changes during oxidation, dewetting, and ablation processes has not yet been thoroughly investigated. In this study, the imaging pump-probe technology and time-resolved transmittance measurements were combined to study the evolution of nanosecond (ns) laser-induced Cu film oxidation, dewetting, and ablation over time, paving the way for a better understanding of the nanosecond laser processing on Cu films.
EXPERIMENTAL DETAILS
The experimental setup is schematically shown in Figure 1, where Nd:YAG laser pulses with 532 nm wavelength and 20 ns pulse duration are irradiated on the Cu film. A 50 nm copper film was deposited on a 1 mm quartz substrate using a TRP-450 magnetron sputtering system. As it is not easy for Cu to deposit directly on a quartz substrate, the following steps were conducted for sample preparation. In the first step, 0.2–0.5 nm chromium (Cr) was plated on quartz substrate under the current of 0.1 A, room pressure of 0.6 Pa, and deposition time of 5 s. Subsequently, 50 nm Cu film was deposited under the current of 0.3 A, room pressure of 0.5 Pa, and deposition time of 200 s.
[image: Figure 1]FIGURE 1 | The schematic of the experimental setup including the laser system, the time-resolved imaging, and the pump-probing transmittance measurement setups.
For the time-resolved imaging system, the pump laser beam was focused by a 2× infinity-corrected and 60 mm working distance of objective lens at normal incidence. A nanosecond flash lamp (NANO LITE KL-K flash lamp, flash duration = 7 ns) was employed to provide temporally resolved illumination. Consequently, the images were captured by a charge-coupled-device (CCD) camera via a combination of a ×20 infinity objective lens and a 200 mm tube lens. A digital delay generator controlled the delay time between processing laser and image acquisition. For the transmission probing part, the same ns laser pulse was irradiated at normal incidence, and the 632.8 nm He-Ne continuous wave laser was incident perpendicularly to the center of the irradiated area. The Cu film sample was located on the focal plane of the detection laser. The specific position of the focal plane was determined by the knife-edge beam profile.
The beam diameters of the laser beam and detection beam were respectively measured 40 and 10 µm by the knife-edge method. The fluence of the transmittance probe signal was measured by a fast photodiode coupled to an oscilloscope. It should be noted that the temporal resolution of the time-resolved imaging experiment is limited by the duration of the flash lamp itself, and it is 7 ns in this case. The oscilloscope was used to record the actual delay time of the processing laser signal, the flash lamp signal, and the probing laser signal. At least four signals are checked in each delay setting to ensure the accuracy and credibility of the data.
RESULTS AND DISCUSSION
The processing dynamics of the ns laser on the Cu film using the pump-probe technology and the time-resolved transmittance measurements are investigated in this study. According to the observations, three significant states, including oxidation, dewetting, and ablation, occur during Cu thin film laser structuring. As shown in Figure 2, the threshold of each state is related to the laser fluences. In detail, the optimal laser fluence can be obtained by the thermal properties of the substrate owing to the heat-transferred mechanism [18]. The oxidation, dewetting, and ablation thresholds of the Cu film are estimated by linear curve fitting, as shown in Figure 2. In order to establish the relationship between the laser energy density and the ablation hole diameter distribution, the ablation hole structures with different diameter distributions on the material surface were obtained by changing the laser energy density. The functional relationship between the incident laser energy density and the ablation hole radius is as follows [19]:
[image: image]
Where, [image: image] is the beam radius, D is the ablation diameter, F is the incident laser energy density, and [image: image] is the threshold fluence. The thresholds for the oxidation, dewetting, and ablation thresholds are calculated as 75 mJ/cm2, 178 mJ/cm2, and 200 mJ/cm2, respectively.
[image: Figure 2]FIGURE 2 | Normalized laser intensities of the oxidation, dewetting and ablation threshold on the Cu thin film.
It is depicted that after the direct laser writing, the surface of the material can be heated and melted rapidly and can reach an overheated state that exceeds the boiling point. At this time, the material vapor pressure will be greater than the ambient pressure [20]. On the one hand, the vapor pressure in the gas phase forces the metal vapors to separate from the matrix. On the other hand, it pushes the metal to melt. When the gasification back pressure of the metal melt exceeds the reverse restraining force, such as the surface tension of the melt, the ablated part of the Cu film is ejected, and the unablated part is still attached to the substrate. The dewetting holes emerge after the laser fluence (red curve, Figure 2) reached the dewetting threshold (178 mJ/cm2). The formation of holes is the effect of surface energy minimization once the Cu film experienced partial melting. The location is determined by the heterogeneous nucleation. Furthermore, a continuous network of dewetting holes appears with higher fluence (Figure 3A). At the center of the network, some dewetted islands are formed by the complete melting-induced localized dewetting. If the laser fluence exceeds the ablation threshold (200 mJ/cm2), ablation starts happening in the center of the processed area, and dewetting region is expanding towards further outside (Figure 3A).
[image: Figure 3]FIGURE 3 | (A) SEM-line EDS images of structures produced using laser fluence of 190 mJ/cm2, 380 mJ/cm2, and 790 mJ/cm2, respectively. (B) Selected time-resolved images with 60 ns delayed under different laser intensities.
The surface morphology and the element distribution of Cu film at different energy fluences are examined by the SEM images (Figure 3). Moreover, the surface element distribution graphs and time-resolved images of the 50 nm Cu film surface after irradiation with different laser energy fluences are shown in Figure 3. It has been demonstrated that when the incident laser energy fluence is lower than 200 mJ/cm2, droplet-like structures will be formed in the central region, while the Cu element is much higher, which means that the central point has melted and dewetted. With the increase of fluence (380 mJ/cm2), the central droplet structure is replaced by the ablated hole structure, and the melted material is dehumidified radially outward. At a higher laser energy fluence (790 mJ/cm2), the diameter of the ablated hole becomes larger, and the particle area in the edge molten state becomes narrower. It is worth noting that there are some peripheral rims and droplet fingers at the edge of the spot where the Cu element is much higher. It is found that the surface temperature is higher at the center of the melt pool, and the absorbed energy induces surface tension-driven flow due to the high-temperature gradient. Consequently, due to the diminishing surface tension with increasing temperature for liquid metals, the material should be transported radially outward by the positive surface tension gradient [21, 22].
Micro-Raman spectroscopy is employed for the material characterization of the Cu oxidation, dewetting, and ablation spot. Figure 4 shows the Raman spectra of different areas (center, inner edge, and outer edge) of the material surface at different laser fluences. Besides, the time-resolved optical images and the SEM images corresponding to the Raman spectra are also displayed to evaluate the morphological changes and the optical properties. The Raman spectrum of the Cu oxide in the air is presented in Figure 4A. Two peaks at the 516 and 615 cm−1 are characteristic of the Cu2O phase. This phase appears at the center spot areas. The existence of Cu2O is in agreement with previous researches [23, 24]. By increasing the laser fluence to190 mJ/cm2, two peaks located at the 516 and 615 cm−1 are characteristic of the Cu2O phase appear in the center spot (Figure 4B). The corresponding SEM image [Figure 4(b2)] indicates the dewetting induced droplet-like structure is the Cu2O phase. Besides, if the laser fluence is above the ablation threshold (as shown in Figure 4C), two peaks located at the 516 and 615 cm−1 are characteristic of the Cu2O phase appear at the inner and outer rim areas. The existence of Cu2O agrees with previous researches [23–26]. Ablation happens in the center region of the spot; therefore, no peaks are expected. The further comparison reveals that the intensities of these two peaks in the inner-rim region are higher than that of the dewetting and oxidation area. Since the inner rim receives a higher laser energy input, undergoes complete melting and dewetting, the elevated temperature and liquid state facilitate the oxidation process, which leads to stronger Cu2O formation. The different nanostructures may be related to the dewetting process, and the growth region changes significantly, resulting in the formation of unique nanostructures in the same range. Sputtering-deposited flims containing a lot of atomic vacancies and defects. When sufficient thermal energy is supplied, the adatoms can begin to diffuse and induce the nucleation of pinholes from the vacancies in the as-depositedfilm. Along with the dewetting process, the pinholes will develop to be larger. At the same time, the coalescence growth model indicates that the lateral growth and merging between nanostructures can occur along with the increased deposition amount [27]. As a contrast group, the Raman spectrum of Cu thin films after laser irradiation in the N2 gas protection is also investigated, and there is no Cu2O phase appears after laser irradiation, which means Cu film is stable in the N2 gas protection, as shown in Figure 4D. Cu film can also be oxidized even under ns pulse laser irradiation, and N2 atmosphere will be required for improving electrical performance further.
[image: Figure 4]FIGURE 4 | Time-resolved optical images (a1-d1) and SEM images (a2-d2) with corresponding Raman spectra (a3-d3) for edge, rim, and center regions of dot structures shown on the right, (A) irradiated Cu at 150 mJ/cm2, (B) irradiated Cu at 190 mJ/cm2, (C) irradiated Cu at 380 mJ/cm2, (D) irradiated Cu at 380 mJ/cm2 by the N2 gas protection. The scale bars in the time-resolved optical images and SEM images are all 20 μm.
Figure 5A shows a schematic diagram of the ablation, dewetting, and oxidation distribution on the surface of the Cu film under different laser fluences. As it can be seen in this figure, if the laser fluence is higher than the ablation threshold (blue curve), there will be three areas on the surface of the material: the ablation hole area in the center of the spot, the Cu2O granular area around the hole, and the Cu2O film structure around the spot. If the laser fluence is between the dewetting threshold and the ablation threshold (red curve), the Cu2O granular region will appear in the center of the spot, and the Cu2O thin film structure will still appear in the peripheral area of the spot. When the laser fluence is lower than the dewetting threshold and higher than the oxidation threshold (black curve), only the oxide layer structure in the form of Cu2O will appear in the central area of the spot.
[image: Figure 5]FIGURE 5 | Energy-dependent oxidation, dewetting, and ablation states. (A) Normalized laser intensities of the oxidation, dewetting, and ablation threshold on the Cu thin film with corresponding introduced oxidation, dewetting, and ablation sizes. Absorbed laser intensities are normalized by the peak intensities of the blue curve. (B) Ex-situ optical bright-field microscopy images of the processed morphology with different laser fluences. (C) In-situ time-resolved reflection images of morphologies with corresponding fluences captured at 40 ns after irradiation (The scale bars are 20 μm).
The transient dynamics of laser interaction with Cu film are revealed by the time-resolved imaging and transmission probing. Figure 6 shows the evolution of the surface morphology and the transmittance of the Cu film at different laser energy fluences over time. The normal transmittance traces were normalized with respect to their initial values before laser irradiation. From Figure 6(a1), it is noticed that under low laser fluence irradiation (150 mJ/cm2, 178 mJ/cm2), the transmittance directly drops to a lower state (<2). In this case, the decrease of transmittance can be attributed to the effect of oxidation since the oxidation gives a brighter field in the optical image (Figure 2), indicating a stronger reflection. For a laser fluence of about 190 mJ/cm2, micron-sized droplet particles will be formed in the center of the spot. It can be found from Figure 6(a2) that a shining particle structure can be formed in the central area of the spot within 13 ns after laser irradiation, which may be the result of Ostwald ripening [3].
[image: Figure 6]FIGURE 6 | The transmission probing curve and their corresponding time-resolved image series of ns laser-induced dewetting and oxidation process with different laser fluences: (a1, a2) 150 mJ/cm2, 178 mJ/cm2, 190 mJ/cm2, (b1, b2) 380 mJ/cm2, 460 mJ/cm2 (Each frame is taken at a certain flash lamp delay time).
Furthermore, it can be seen that after 20 ns, the central region in the reflected image is dark. The reason for this is that the micron-sized metal particles ([image: image], where D is the particle diameter and [image: image] the probing wavelength) will produce intense scattering radiation in the forward direction and weak scattering in the backward direction. Although, the high laser fluence follows a different scenario (Figure 6(b1)). In this case, the transmittance first drops and then increases steadily at about 15 ns and finally remains at a higher transmittance state (larger than 3.0). As it can be seen in Figures 6A,B broadening of the size distribution in the dewetting region after 15 ns(Figure 6(b2)) is observed. It is due to the enlargement of nanoparticles through Ostwald ripening (where the larger particles engulf the smaller ones). When the laser fluence exceeds the corresponding ablation threshold of the samples, as shown in the SEM and time-resolved images of the samples in Figure 6(b2), ablation occurs in the center of the spot after 25 ns Also, the material is removed, and droplet-like particles are formed in the surrounding dewetting zone. The over two transmittances should be caused by the increased amount of ablation, causing more quartz substrate exposed to probing laser, then increased the transmittance. In this condition, the evolution of the ablation process is observed to take place in two stages. After laser irradiation, the initial stage of void nucleation and growth, when both the number of voids and the range of void sizes are increasing, followed by the void coarsening, coalescence, and percolation. Micron-sized droplet-like particles are formed. With the heat accumulation on the thin film, the nanoparticles are expanded by Ostwald ripening, where the larger particles engulf the smaller ones. Simultaneous ablation occurs in the center of the spot, where the material is removed, and droplet-like particles are formed in the surrounding dewetting zone.
Based on our fundamental work on the laser-matt, the transmittance measurement validated the dynamics of oxidation, dewetting, and ablation process. Besides, the evolution process and evolution time of various morphological features on the surface of Cu thin films under specific laser fluences at a certain delay time are accurately recorded by combining the time-resolved imaging techniques [28].
CONCLUSION
In summary, we have systematically studied the interaction between the laser beam and the Cu thin films and demonstrated the changes of morphological and thermodynamic properties of the Cu thin films during the interaction between the ns laser and the Cu thin films at specific time scales. In this regard, three main states during laser structuring of Cu films, i.e., oxidation, dewetting, and ablation, were investigated by time-resolved imaging and pump-probing technology. The observations indicate that after the ns laser irradiation, copper is directly oxidized to the Cu2O in the center, inner rim, or outer rim with different laser fluences. The time decay of the oxidation and dewetting process for Cu was obtained approximately from 15 to 13 ns, respectively. While it is noticed that under high fluence (above ablation threshold), the transmittance first drops (10 ns) and then increases stabilize at a higher transmission state (15 ns), and the timescale of the whole process needs about 28 ns In this case, it is possible to make a more explicit explanation and description of the starting time and the timescale of the whole processing. They are found to be in good agreement with the time-resolved image results. Therefore, the results pave the road towards a further understanding of the scale distribution of the total duration of laser-Cu film interaction.
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