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Micro-temperature sensors, which composed of a Cu2O-rich sensing part and two Cu-rich 

electrodes, were directly fabricated by femtosecond laser reduction patterning of CuO 

nanoparticles. Patterning of the microstructures was performed by laser scanning with 

pitches of 5, 10, and 15 µm. Cu2O-rich micropatterns were formed at the laser scan speed of 

1 mm/s, the pitch of 5 µm, and the pulse energy of 0.54 nJ. Cu-rich micropatterns that had 

high generation selectivity of Cu against Cu2O were fabricated at the laser scan speed of 15 

mm/s, the pitch of 5 µm, and the pulse energy of 0.45 nJ. Electrical resistivities of the Cu2O-

rich and Cu-rich micropatterns were approximately 10 Ωm and 9 μΩm, respectively. The 

temperature coefficient of the resistance of the micro-temperature sensor fabricated under 

these laser irradiation conditions was -5.5×10-3/°C. This resistance property with a negative 

value was consistent with that of semiconductor Cu2O. 
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1. Introduction 

Laser direct-writing technology has received attention in recent years because it can be 

applied to three-dimensional printing and additive manufacturing of metal structures. For 

example, selective laser sintering (SLS) was used for the fabrication of 3D structures1-4). 2D 

layered structures are interconnected to form 3D structures by sintering raw metal powders. 

If we try to apply this process to fabricate 3D metal microstructures, the raw metal powders 

must be downsized. However, the downsized metal powders are easily oxidized in their 

preparation and setting processes. Moreover, SLS must be conducted under a vacuum 

condition to prevent reoxidation of the 3D metal microstructures. 

 Printed electronics technology is also one of the direct-writing technologies 

developed for the fabrication of 2D metal micropatterns5-11). Metal micropatterns were 

formed using metal nanoparticle ink with subsequent sintering for metallization. To improve 

the laser energy absorption of the raw nanoparticles (NPs), laser reductive sintering using 

metal oxide NPs has been reported12-16). In these processes, metal oxide NPs such as CuO or 

NiO NPs were reduced, agglomerated, and sintered to form metal micropatterns. For 

example, CuO NP solution was prepared by mixing CuO NPs, poly(vinyl pyrrolidone) (PVP), 

and ethylene glycol (EG) as a reducing agent12). Cu micropatterns were formed using 

continuous-wave (CW) and nanosecond laser-induced reduction of the CuO NPs in air. NiO 

NPs were reduced to form Ni micropatterns using toluene as a reducing agent15-16). To date, 

we also fabricated Cu micropatterns using femtosecond laser reduction patterning of CuO 

NPs. Recently, Cu2O-rich and Cu-rich micropatterns were selectively fabricated by 

optimizing the reductive temperature controlled by femtosecond laser irradiation 

conditions17). Furthermore, the generated Cu2O-rich and Cu-rich micropatterns revealed 

semiconductor-like negative and metal-like positive temperature coefficients of resistance, 

respectively18). If we could fabricate Cu2O-rich and Cu-rich microstructures selectively by 

simply controlling the laser irradiation conditions of the CuO NP solution, highly sensitive 

micro-sensors, composed of metal oxide sensing parts and metal electrodes, could be formed 

in a single-step process using femtosecond laser direct patterning. 

 For example, the use of Cu2O thin films has been reported in gas, humidity, and 

temperature sensors19-25). Metal oxide materials with large absolute temperature coefficients 

of resistance performed efficiently in the detection of gas, humidity, and temperature as a 
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large resistance difference. In general, these sensors were fabricated using well-established 

microfabrication processes such as lithography and vacuum deposition. Our direct selective 

fabricating metal oxide and metal micropatterns in the air is effective for fabricating 

microdevices with composite materials. 

 In this study, we fabricated a micro-temperature sensor composed of a Cu2O-rich 

sensing part and Cu-rich electrodes, using femtosecond laser reduction patterning of CuO 

NPs. First, we evaluated the optimal raster scan pitch to form micropatterns. Then, we 

evaluated the electrical resistivity of the Cu2O-rich and Cu-rich micropatterns. Finally, the 

whole micro-temperature sensor was directly fabricated by femtosecond laser reduction 

patterning under optimal laser irradiation conditions. 

 

2. Experimental methods 

2.1 Design and fabrication of the micro-temperature sensor 

Figure 1(a) shows the design of a micro-temperature sensor. The sensing part and their 

electrodes were formed using Cu2O-rich and Cu-rich micropatterns. The size of the sensing 

part was 100 × 200 µm2, including the connecting the area to the electrodes. The gap between 

the electrodes was 100 µm. The Cu2O-rich and Cu-rich micropatterns were selectively 

formed by femtosecond laser reduction patterning of CuO NPs. Figure 1(b) shows a 

schematic illustration of the fabrication process. First, CuO NP solution was spin-coated on 

a glass substrate. Then, the Cu-rich electrodes were formed by raster scanning of the focused 

femtosecond laser pulses. The Cu2O-rich sensing part was subsequently formed. These laser 

irradiations were performed in air. Finally, the non irradiated CuO NPs were removed by 

rinsing in EG and ethanol. The exposure dose for patterning was controlled by the laser 

irradiation conditions such as the laser scan speed, the raster scan pitch, and the pulse energy. 

 

2.2 Material preparation 

CuO NP solutions were prepared by mixing CuO NPs (<50 nm particle size, Sigma Aldrich), 

EG (99.8%, Sigma Aldrich), and PVP (Mw≈10000, Sigma Aldrich) using ultrasonic waves. 

The concentration of CuO NPs, EG, and PVP were 60, 27, and 13 wt%, respectively12, 16). 

The CuO NP solution was spin-coated onto a glass substrate (approximately 1.3 mm thick) 

at the spinning rate of 7000 rpm. The film thickness of the CuO NP solution was 8 µm. 
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2.3 Femtosecond laser scanning system 

We used a femtosecond fiber laser (Toptica Photonics, FemtoFiber pro.) in the laser scanning 

system. The pulse duration, wavelength, and repetition rate of the laser were 120 fs, 780 nm, 

and 80 MHz, respectively. The femtosecond laser pulses were focused onto the CuO NP 

solution film on the glass substrate using an objective lens with a numerical aperture of 0.80. 

Patterning of the microstructures was performed by scanning the sample substrate using an 

XYZ mechanical stage and a mechanical shutter. The pulse energy of the laser was 0.17−0.54 

nJ. 

 

2.4 Evaluation of the micropatterns and the micro-temperature sensor 

Crystal structures of the micropatterns were evaluated using an X-ray micro-diffractometer 

(Rigaku RINT RAPID-S) equipped with a Cu-Kα radiation source. The X-ray was 

collimated to 0.3 mm in diameter. The microstructures for the evaluation were 2 × 1 mm2, 

which was large enough to irradiate the X-ray with the incident angle of 20°. 

 Electrical resistivity of the micropatterns was examined using a four-terminal 

system (Mitsubishi Chemical Analytech, Loresta GP). The microstructures were formed on 

a glass substrate with the size of 1 × 5 mm2. 

 The resistance of the micro-temperature sensor was measured under various 

temperatures controlled using a hot plate in air. Before the measurement, Cu2O-rich 

micropatterns of the sensing part was overcoated with SiO2 thin films (thickness: 100 nm) 

by radio-frequency (RF) magnetron sputtering to prevent reoxidation. The resistance was 

measured using an electronic multimeter.  

 

3. Results and discussion 

3.1 X-ray diffraction spectra of the micropatterns 

Figures 2(a) and 2(b) show an optical microscope image and a scanning electron microscopy 

(SEM) image of the line pattern fabricated by laser irradiation, respectively. The scanning 

speed and the pulse energy of the laser were 20 mm/s and 0.17 nJ, respectively, which was 

the minimum exposure dose in our experiment. Figures 2(c) and 2(d) show the line patterns 

in optical microscope and SEM images, respectively, obtained the conditions that the scan 
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speed was 1 mm/s and the pulse energy was 0.54 nJ, which was the maximum exposure dose 

in our experiment. Both optical microscope images showed that the metallic luster was 

almost the same in the melted areas in the respective SEM images. The minimum line width 

of the pattern was approximately 5–10 µm at the scan speed of 20 mm/s and the pulse energy 

of 0.17 nJ. 

 By taking account of the width of the line patterns, we fabricated the micropatterns 

by laser raster scanning of focused laser pulses with pitch larger than 5 µm. The electrically 

connected micropatterns are expected under these conditions. Figure 3 shows one of the X-

ray diffraction (XRD) spectra of the micropatterns. The laser scan speeds were 1, 5, 10, 15, 

and 20 mm/s, and the pulse energy was 0.54 nJ. All the micropatterns contained Cu, Cu2O, 

and CuO.  

To evaluate the degree of the reduction of CuO NPs to generate Cu and Cu2O, we 

compared the intensity ratios of the XRD spectra. The intensity of the Cu2O(111) peak 

divided by that of the CuO(111) peak was expressed as ICu2O(111)/ICuO(111). The intensity of 

the Cu(111) peak divided by that of the Cu2O(111) peak was expressed as ICu(111)/ICu2O(111), 

which exhibits the generation selectivity of Cu against Cu2O. This value is useful for 

fabricating Cu-rich electrodes that exhibit the lower effect of semiconductor-like Cu2O. 

Figures 4(a)-4(c) show the relationship between the intensity ratio of ICu2O(111)/ICuO(111) at the 

raster scan pitches of 5, 10, and 15 µm, respectively. Little Cu2O was generated at the pitch 

of 15 µm, because the exposure dose was too low to reduce the raw CuO NPs. The maximum 

value of ICu2O(111)/ICuO(111) was obtained at the laser scan speed of 1 mm/s, the raster scan 

pitch of 5 µm, and the pulse energy of 0.54 nJ. The Cu2O-rich micro-temperature sensing 

part was fabricated at the scan speed of 1 mm/s, the raster scan pitch of 5 µm, and the pulse 

energy of 0.54 nJ. Figures 4(d)-4(f) show the relationship between the intensity ratio of 

ICu(111)/ICu2O(111) at the raster scan pitches of 5, 10, and 15 µm, respectively. The value of 

ICu(111)/ICu2O(111) was maximum at the scan speed of 10 mm/s, the scan pitch of 15 µm, and 

the pulse energy of 0.54 nJ, as shown in Figs. 4(d)-4(f). However, in comparison with the 

values of ICu2O(111)/ICuO(111) at the pitches of 5 and 10 µm, the values at the pitch of 15 µm 

were extremely smaller (0.1–1.4), as shown in the inset of Fig. 4(c). To reduce the resistance 

of the electrodes and the temperature dependence of the resistance by increasing the 

generation selectivity of Cu against Cu2O, Cu-rich electrodes were formed at the scan speed 
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of 15 mm/s, the raster scan pitch of 5 µm, and the pulse energy of 0.45 nJ, where the 

maximum value of ICu(111)/ICu2O(111) was obtained with the exception of the condition that the 

scan pitch was 15 µm. The generation degrees of Cu2O and Cu were considered to be 

determined by the valance of the reduction of CuO NPs and reoxidation of Cu in the 

micropatterns18). In comparison of the total irradiation energy for the fabrication of Cu2O-

rich and Cu-rich micropatterns, the Cu2O-rich micropatterns were formed at a higher total 

energy than that in the case of Cu-rich micropatterns. When the scan pitch was 5 µm, the 

generation degree of Cu2O increased with decreasing scan speed under a higher pulse energy 

condition (0.45 and 0.54 nJ), as shown in Fig. 4(a). Under a lower pulse energy condition 

(0.28 and 0.17 nJ), Cu2O increased upon decreasing the scan speed in the range of 10-20 

mm/s. On the other hand, Cu2O decreased at the scan speed of 5 mm/s, but then increased 

again at the scan speed of 1 mm/s when the scan speed was decreased. These results suggest 

that Cu2O was generated by the reduction of CuO NPs in the range of 10-20 mm/s, and Cu2O 

was generated by the reoxidation of the reduced Cu at 1 mm/s. The condition that the scan 

speed was 5 mm/s possibly caused the effects of maximal reduction and minimum 

reoxidation. Therefore, the Cu2O-rich micropatterns, which were fabricated under the higher 

total energy condition, the scan speed of 1 mm/s, the raster scan pitch of 5 µm, and the pulse 

energy of 0.54 nJ, were considered to be generated by the reoxidation of the reduced Cu in 

the micropatterns.  

Electrical resistivities of the Cu2O-rich and Cu-rich micropatterns were 

approximately 10 Ωm and 9 μΩm, respectively. The thickness of the films were assumed to 

be 8 µm, which was the thickness of the as-coated CuO NP solution film because no 

significant total volume change upon removing CuO NPs was observed in the laser-

irradiated area during the removal of non-laser irradiated CuO NPs, even though the 

deformation of the surface occurred. These values are approximately 106 times and 103 times 

larger than those of the bulk Cu2O (1–10 μΩm) and Cu materials (16.8 nΩm), respectively26-

30). The high electrical resistivity was induced by the lower density of the structures and 

contamination such as residual carbon. However, the temperature coefficient of resistance 

of the carbon was not dominant for those of the Cu2O-rich and the Cu-rich micropatterns 

because the XRD peaks associated with carbon were not observed, as shown in Fig. 3. 
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3.2 Fabrication and evaluation of the micro-temperature sensor 

Optical microscope and SEM images of the micro-temperature sensor are shown in Figs. 

5(a) and 5(b), respectively. The micro-temperature sensor composed of the Cu2O-rich 

sensing part and the Cu-rich electrodes was fabricated by optimizing the laser irradiation 

conditions. Figures 5(c) and 5(d) show SEM images of the enlarged sensing part and the 

electrodes, respectively. A relatively uniform surface was obtained on the Cu2O-rich sensing 

part. The thickness of the Cu2O-rich sensing part was approximately 8 µm, which was almost 

the same as that of the as-coated CuO NP solution film. On the other hand, a large volume 

of particles were observed around the laser-scanned melted area, as shown in Fig. 5(d). It is 

considered that these large volumes of particles were formed in the less-heat-affected zone 

around the melted area, where nonirradiated CuO NPs were not melted nor removed by 

rinsing in the case of a single laser scan, as shown in Fig. 2(a). The thicknesses of the melted 

and surrounding areas were approximately 12 and 3 µm, respectively. 

 The resistance was 25.73 MΩ at 30°C, which was approximately 10 MΩ larger than 

the one estimated using the electrical resistivity of the Cu2O-rich and Cu-rich micropatterns. 

This result suggests that the connecting areas between the Cu2O-rich sensing part and the 

Cu-rich electrodes were reoxidized by multiple laser scans on the reduced Cu or Cu2O. 

Furthermore, the volume of the multi-laser scanned area might be changed by voids that 

were formed during sintering and shrinking of the metal oxides. In the future, it will be 

important to examine in detail the composition and the density of the microstructures. The 

sensing part was overcoated by SiO2 thin film by the RF magnetron sputtering method. 

Figure 6 shows the temperature dependence of the sensor resistance. The hysteresis of the 

resistance was small. The temperature coefficient of resistance was -5.5 × 10-3/°C. This 

resistance property with negative value was consistent with that of semiconductor Cu2O. The 

strong temperature dependence of the resistance was effective for obtaining highly sensitive 

temperature sensors. 

 

4. Conclusions 

A micro-temperature sensor composed of a Cu2O-rich sensing part and Cu-rich electrodes 

was fabricated by femtosecond laser selective patterning using the reduction of CuO NPs. 
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The Cu2O-rich and Cu-rich micropatterns were selectively formed at the laser scan speed of 

1 mm/s and the pulse energy of 0.54 nJ and the laser scan speed of 15 mm/s and the pulse 

energy of 0.45 nJ, respectively, when the raster laser scan pitch was 5 µm. The temperature 

coefficient of resistance was -5.5 × 10-3/°C. This resistance property with a negative value 

was consistent with that of semiconductor Cu2O. 
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Figure Captions 

Fig. 1. (Color Online) (a) Design and (b) fabrication process of Cu/Cu2O 

composite micro-temperature sensor. 

 

Fig. 2. (Color online) (a) Optical microscope and (b) SEM images of the line patterns at scan 

speed of 20 mm/s and pulse energy of 0.17 nJ. (c) Optical microscope and (d) SEM images 

of the line patterns at scan speed of 1 mm/s and pulse energy of 0.54 nJ. 

 

Fig. 3. XRD spectra of the micropatterns (raster scan pitch: 5 μm) fabricated with various 

scan speeds at pulse energy of 0.54 nJ. 

 

Fig. 4. (Color online) Intensity ratio of ICu2O(111)/ICuO(111) at scan pitch of (a)5 µm, (b)10 µm, 

and (c)15 µm. Intensity ratio of ICu(111)/ICu2O(111) at scan pitch of (d)5 µm, (e)10 µm, and (f)15 

µm.  

 

Fig. 5. (Color online) (a) Optical microscope and (b) SEM images of the micro-temperature 

sensor. SEM images of (c) the enlarged sensing part and (d) the electrodes. 

 

Fig. 6. (Color online) Temperature dependence of resistance of the Cu/Cu2O composite 

micro-temperature sensor. 
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Fig.1. (Color Online) (a) Design and (b) fabrication process of Cu/Cu2O composite 

micro-temperature sensor. 
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Fig. 2. (Color online) (a) Optical microscope and (b) SEM images of the line patterns at scan 

speed of 20 mm/s and pulse energy of 0.17 nJ. (c) Optical microscope and (d) SEM images 

of the line patterns at scan speed of 1 mm/s and pulse energy of 0.54 nJ.  
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Fig. 3. XRD spectra of the micropatterns (raster scan pitch: 5 μm) fabricated with various 

scan speeds at pulse energy of 0.54 nJ. 
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Fig. 4. (Color online) Intensity ratio of ICu2O(111)/ICuO(111) at scan pitch of (a)5 µm, (b)10 µm, 

and (c)15 µm. Intensity ratio of ICu(111)/ICu2O(111) at scan pitch of (d)5 µm, (e)10 µm, and (f)15 

µm.  
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Fig. 5. (Color online) (a) Optical microscope and (b) SEM images of the micro-temperature 

sensor. SEM images of (c) the enlarged sensing part and (d) the electrodes. 
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Fig. 6. (Color online) Temperature dependence of resistance of the Cu/Cu2O composite 

micro-temperature sensor. 
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