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Abstract
Although adding binders could significantly improve the adhesion between metal pastes and polymer substrates, they also considerably decrease conductivity of printed circuits, limiting its applications in printed electronics. This study innovatively adds the copper (Cu) precursor into the paste to solve this problem. Cu nanoparticles are formed on the surface of Cu flakes and within the binders due to their in–situ decomposition characteristics. The decomposed Cu nanoparticles construct more conductive pathways that improves the conductivity of printed circuits. Furthermore, this study employs an orthogonal test to investigate the relationship between the formulation of pastes and the performance of printed circuits, optimizing the proportion of the Cu precursor and binders based on these results. Compared to conventional pastes that consist solely of Cu fillers, binders, and solvents, the paste developed in this study exhibits high conductivity which is approximately 2.6 times of the pure Cu flake paste at low metal content around 40%. Thus, with more binders, the printed circuits not only met the 5B level according to ASTM D3359 standards but also showed excellent electrical property after curing at 200 °C for 5 min, achieving a resistivity as low as 331 μΩ·cm. Additionally, the paste exhibited outstanding performance in application of heaters and ultra-broadband (UWB) antennas, further confirming its considerable potential for commercial printed circuits.
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Introduction
Printed electronics is an emerging technology that utilizes printing techniques to fabricate electronic devices and circuits1. Compared with manufacturing methods of traditional electronics, printed electronics offers a simple process, reduced material waste, and lower environmental pollution, providing economic and ecological benefits2. Metal conductive pastes attracting increasing attention due to their critical role in determining printed circuits' conductivity, stability, and reliability 3-5.

To date, silver (Ag) pastes have played a crucial role in printed electronics due to their excellent conductivity6-9. They are widely used in fields such as 5G communication devices10, radio frequency identification (RFID) tags11-13, solar cells14, and new energy vehicles15. However, the price of Ag has increased by approximately 80% over the past five years, resulting in a massive rise in the cost of Ag pastes and related products. To mitigate these costs, copper (Cu) pastes have garnered increasing attention16. Cu exhibits comparable electrical and thermal conductivity to Ag and just 1% of the cost of Ag. Nevertheless, Cu is susceptible to oxygen, especially at the nanoscale, that it can be oxidized rapidly, even at room temperature. Compared to nano-Cu materials, larger Cu particles or Cu flakes can enhance the oxidation resistance of Cu. This improvement is attributed to their relatively smaller specific surface area and lower surface energy17. However, the low packing density and sintering driving force of larger Cu particles and flakes make it challenging to attain high conductivity in printed circuits.

On the other hand, the lack of stable chemical bonds between metals and polymer substrates results in inadequate interfacial adhesion of pastes, directly impacting the practical performance of printed circuits. To solve this problem, researchers have explored various methods to improve adhesion, which can be broadly categorized into physical and chemical approaches. Physical methods include surface pretreatment and localized softening of the substrate, which effectively enhance the contact area between the substrate and the conductive paste. For example, Zhou et al. performed etching treatments on the substrate surface18, resulting in a distinctive recessed structure that effectively anchors paste and enhances adhesion. However, the significant expense associated with etching treatments and the potential environmental pollution concerns cannot be overlooked. Liu et al. utilized photonic sintering to rapidly generate high local temperatures19, partially softening the substrate to embed the conductive structure. Nonetheless, this process necessitates that the substrates endure these instantaneous high temperatures without deforming, thereby restricting the selection of substrate. In contrast, chemical methods involve the direct addition of binders into a conductive paste to enhance connections between the substrate and the paste through additives. For instance, Sakurai et al. found that the functional groups at both ends of silane coupling agents can form covalent bonds with the polymer substrate and the metal, enhancing interfacial adhesion20. However, as the thickness of the conductive structure increases, the effectiveness of silane coupling agents decreases, resulting in diminished reliability. Ma et al. discovered that resins can form a highly cross-linked three-dimensional network structure that stabilizes the metal, while the hydroxyl groups on the resin create strong chemical bonds with the substrate surface, further enhancing adhesion21. However, this structure can render printed circuits excessively brittle, failing to meet flexibility requirements. Ryu et al. discovered that adding cellulose as an alternative to the part of resins can ensure the adhesion of printed circuits while maintaining flexibility22. However, the desired adhesion can only be achieved when the total addition of resin and cellulose exceeds 30 wt.% 12, 23. These excess binders will form an insulating layer between the conductive fillers, resulting in a substantial reduction in the electrical performance of printed circuits.

In this study, we propose a novel synthesis method for Cu pastes by adding Cu precursor into the resin. Cu nanoparticles are grown in the insulating matrix composed of resin and cellulose by utilizing the in-situ decomposition characteristics of the precursor. This process effectively constructs conductive pathways, thereby enhancing the electrical performance of printed circuits. Compared to conventional pastes that contain only Cu, binders, and solvents, the newly developed paste achieves approximately 2.6 times greater electrical performance while reducing the total metal content by about 15 wt.%. This finding provides new ideas for developing high-conductivity pastes with low metal content, thereby enhancing the practical application of Cu pastes in the printing of flexible electronics. 

Experimental section
Materials: ethylene glycol (EG), 2-amino-2-methyl-1-propanol (AMP), 1-butanol, and ethyl cellulose ether were purchased from Adamas. Cu (II) formate tetrahydrate was purchased from Alfa Chemicals. Cu flakes (5-10 μm) were provided by Hangzhou Xinshichuanglian Technology Co., Ltd. Phenolic resin (70-75% solid content) was purchased from Wuxi Guangming Chemical Co., Ltd. The PI film with a thickness of 25 μm was purchased from Yingda Hardware Co., Ltd.

Synthesis of Cu precursor: The synthesis of the Cu precursor was performed following the method in reference24. First, AMP and Cu (II) formate tetrahydrate powder was mixed with a mole ratio of 2:1 and stirred in a planetary mixer for 5 min to promote the formation of Cu complexes. The mixture was then stirred with a magnetic stirrer for 4h to achieve a homogeneous Cu precursor.

Preparation of Cu pastes and post-treatment: Initially, the mass of the Cu flakes was used as a reference to mix them with 0-50 wt.% phenolic resin and 0–50 wt.% ethyl cellulose. Subsequently, the Cu precursor was added by various mass ratios (Cu flake: Precursor was set from 10:0 to 0:10). An appropriate amount of 1-butanol and EG was then added to adjust the viscosity of the paste. The resulting mixture was placed in a planetary mixer and stirred for 10 min to obtain a homogeneous Cu paste. The printed circuits were fabricated using a screen-printing process, where the paste was printed onto a polyimide (PI) substrate to create the pattern. The samples were subsequently placed in a nitrogen atmosphere for thermal curing, with a temperature range of 140–220 °C and a curing duration of 1-120 min.

Fabrication of heaters and antennas: The Cu paste was printed on the PI substrate into the designed heater and antenna patterns using a screen-printing process. Then, the printed samples were placed in a nitrogen furnace for thermal curing, with a temperature of 200 °C and a duration of 5 min.

Characterization: The surface microstructure of the printed circuits was observed by a scanning electron microscope (SEM, EVO18, Carl Zeiss). The thermal behavior of the paste was characterized with a thermal analyzer (TG-DSC, STA 6000, PerkinElmer). The crystal phase of the printed circuits was analyzed using an X-ray diffractometer (XRD, D2 PHASER A26-X1-A2E0B2A0, Bruker). The resistance of the printed circuits was measured by a multimeter (UT61A/C, UNI-T). The resistivity was assessed by a four-point probe resistivity tester (ST2263, Suzhou Lattice Electronics Co., Ltd.). The adhesion of the printed circuits was evaluated according to ASTM D3359 standards. The flexibility of the printed circuits was evaluated through five bending tests with a radius of 12 mm. Surface morphology was examined with an optical microscope (GP-660V, Highpoint). The temperature variations of the heater samples were measured by a thermal infrared imager (H36, Hikvision). The gain performance, radiation pattern, and return loss values of the antenna samples were assessed by a vector network analyzer (Keysight E5063A, Keysight Technologies). 

Results and discussion
Figure 1a shows a schematic diagram of the in-situ formed nano-conductive pathways using Cu precursor in the paste. First, Cu flakes, Cu precursor, solvents, and resins are uniformly mixed to create a metal paste. The Cu precursor decomposes in situ during the curing process to generate Cu nanoparticles. These particles create conductive pathways within the insulating resin matrix and facilitate additional routes for electron transfer between the Cu flakes.
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Figure 1 (a) Schematic diagram of the in-situ decomposition of Cu nanoparticles to form a conductive network within the resin matrix. (b) SEM images of pure resin and(c-d) resin mixed with Cu precursor after curing. (e) SEM images of the paste without Cu precursor and (f-g) mixed with Cu precursor after curing. (h) TG-DSC characterization of resin and Cu precursor/resin mixture (CuF-AMP-Resin). (i) XRD patterns of resin, CuF-AMP, and CuF-AMP-resin (Resin: CuF-AMP = 5-1:1) after heat treatment at 180 °C for 5 min in a nitrogen atmosphere.

Figure 1b shows the SEM image of pure resin after curing. The surface of the resin matrix is uniformly smooth and free of impurities. In contrast, numerous nanoparticle clusters, ranging in size from approximately 500 to 1000 nm, appear within the resin matrix after adding precursor (Figures 1c, d). Figure 1e shows the SEM image of the cured mixture of resin and Cu flakes, illustrating that the large Cu flakes are uniformly embedded within the resin matrix. Many nanoparticles, ranging in size from approximately 50 to 300 nm, can be observed on the surface of the cured resin matrix and the Cu flakes following the addition of precursor into the mixture (Figures 1f, g). These particles are the result of the decomposition of the Cu precursor. The differences in the shapes and sizes of the particles formed in the resin matrix are likely attributed to the addition of Cu flakes.

Figure 1h shows the TG-DSC results of pure resin and CuF-AMP-Resin. The DSC curve of pure resin exhibits a first endothermic peak at 70 °C. This peak is perhaps associated with dehydration reactions involving benzene rings and aldehyde groups, contributing to the formation of phenolic resin molecules. As the temperature rises to 110 °C, a second endothermic peak is observed, indicating the evaporation of moisture from the phenolic resin. When the temperature reaches 170 °C, the first exothermic peak appears, which is attributed to the cross-linking of phenolic resin molecules and the formation of molecular chains12. In contrast, the TG-DSC results of CuF-AMP-Resin reveal a small exothermic peak around 150 °C, accompanied by similar endothermic/exothermic trends. This peak is associated with the decomposition of the Cu precursor (Figure S1). Figure 1i displays the XRD spectra of the resin matrix containing varying amounts of precursor. The XRD results of the pure resin do not show prominent characteristic peaks, which can be attributed to the amorphous characteristics of the resin. In contrast, the XRD results of the resin mixed with precursor show peaks at 43.1°, 50.4°, and 73.8°, corresponding to the (111), (200), and (220) planes of the face-centered cubic structure of Cu, respectively. The three peaks become more obvious as the proportion of Cu precursor in the mixture increases. As a result, it is believed that the Cu precursor in the paste decompose in situ during thermal curing, resulting in the formation of Cu nanoparticles in the insulating resin matrix.
Figure 2a shows the effect of Cu precursor quantity on the printed circuits' electrical performance. When the addition of Cu precursor increases, the resistance of the printed circuits initially decreases and then increases. The decline of the resistance can be attributed to the in-situ formation of Cu nanoparticles decomposed from the precursor in the resin matrix, which create new conductive pathways for electron transport (Figure 1a). The subsequent increase in resistance is likely due to the gradual decrease in the metal content of the paste (Figure 2a). As illustrated in Figure 2b, the metal content of the paste consists of pure Cu flake and the resin is approximately 50 wt.%, whereas the metal content in the paste containing precursor and resin is only about 15 wt.%. When the ratio of Cu flakes to the precursor in increased in the paste, the total metal content in the circuit obviously decreases, which leads to the ineffective formation of conductive paths. Notably, the total metal content is reduced by approximately 15 wt.% compared to Cu Flake-Resin pastes when the proportion of Cu precursor reaches a specific ratio (Cu flake: Precursor = 4: 6), yet its conductivity is significantly enhanced, increasing to approximately 2.6 times (resistance decreasing from 1.15 Ω to 0.45 Ω). These results confirm that adding an appropriate amount of Cu precursor can improve the conductivity of the paste while reducing its metal content. This finding offers new insights for developing high-conductivity pastes with low metal content.
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Figure 2 (a) Impact of Cu precursor addition on the resistivity and metal content of the printed circuits. (b) Schematic diagram of the principle underlying the reduction of metal content.

To further enhance the electrical and mechanical properties of printed patterns, this study optimizes the composition and concentration of additives in the paste. Figure 3a illustrates the influence of resin content on the conductivity and adhesion of printed circuits. As the amount of resin increases, the adhesion performance of the printed circuits significantly improves while electrical performance gradually declines. When the resin content exceeds 30 wt.%, the resistivity increases sharply from 2645 μΩ·cm to 3889 μΩ·cm. The resin content in the paste is controlled in the range of 0-30 wt.% to prevent excessive resistivity for the printed circuits. This study adds cellulose to improve flexibility due to the thermal curing characteristics of the resin, which can diminish the flexibility of the printed circuits 23, 25, 26. It was observed that interface delamination occurs during bending tests when the total amount of resin and cellulose exceeds 50 wt.% (Figure S2). Therefore, the cellulose content is set within 0-30 wt.%. Figure 3b shows the effect of Cu precursor content on the electrical performance and adhesion of printed circuits. As the amount of Cu precursor increases, the resistivity improves. However, when the ratio of Cu flakes to precursor is increased to 6: 4, numerous globular protrusions appear on the surface of the printed circuits (Figure S3). These globular protrusions are susceptible to detachment during adhesion and bending tests, leading to defects. To avoid these issues, the amount of Cu precursor is maintained within the range of Cu: Precursor = 10: 0-7: 3.
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Figure 3 The influence of (a) phenolic resin and (b) Cu precursor addition on the resistivity and adhesion of the printed circuits after heat treatment for 5 min at 180 °C in a nitrogen atmosphere. 

To minimize the number of experiments, this study employs an orthogonal test to optimize the concentrations of various additive components. The value ranges for the aforementioned factors are categorized into four levels, and an L16(43) orthogonal test is employed. The experimental results are assessed using three performance indicators: resistivity, adhesion, and flexibility (Table 1). Five samples were tested and the average value was taken. Given that mechanical reliability is essential for the commercial viability of printed circuits, this study emphasizes adhesion and flexibility as critical evaluation metrics. Among the experimental samples, samples 4, 8, 10, and 12 achieved a level 5B in the ASTM D3359 standard (Figure S4). However, samples 4 and 8 did not meet the flexibility requirements. Therefore, the selected qualified samples are 10 and 12.
Table 1 Results of the orthogonal test involving three factors at four levels.
	No.
	Precursor
	Resin (wt.%)
	Cellulose (wt.%)
	Resistivity (μΩ·cm)
	Adhesion (B)
	Flexibility

	1
	10：0
	0
	0
	1177.4
	0
	√

	2
	10：0
	10
	10
	1673.1
	2
	√

	3
	10：0
	20
	20
	994.7
	3
	√

	4
	10：0
	30
	30
	1039.0
	5
	×

	5
	8：2
	0
	10
	408.5
	1
	√

	6
	8：2
	10
	0
	175.1
	3
	√

	7
	8：2
	20
	30
	603.9
	4
	×

	8
	8：2
	30
	20
	656.9
	5
	×

	9
	9：1
	0
	20
	495.6
	3
	√

	10
	9：1
	10
	30
	717.6
	5
	√

	11
	9：1
	20
	0
	543.9
	4
	√

	12
	9：1
	30
	10
	908.6
	5
	√

	13
	7：3
	0
	30
	377.3
	3
	√

	14
	7：3
	10
	20
	314.7
	4
	√

	15
	7：3
	20
	10
	320.2
	4
	√

	16
	7：3
	30
	0
	352.0
	4
	×



This study conducts a range and significance analysis of their resistivity to understand the effects of various factors on the conductivity of printed circuits. Table 2 presents the results of these analyses, with k1, k2, k3, and k4 representing the average resistivity values corresponding to different levels of each factor. R represents the range of average resistivity values, indicating the strength of each factor's impact on conductivity. P corresponds to the mean square error analysis of resistivity, which quantifies the influence of these factors on the results. A P-value less than 0.05 indicates that a factor has a significant effect on resistivity, while a P-value greater than 0.05 suggests that the effect is not significant27-30. As shown in Table 2, the range R of the Cu precursor (879.96) is greater than that of both cellulose (265.27) and resin (124.23). Therefore, in descending order, the three factors that influence resistivity are Cu precursor, cellulose, and resin. The magnitude of P quantifies the influence of these three factors, with the P for the Cu precursor being significantly less than 0.05, while the P for resin and cellulose are both significantly greater than 0.05. These results indicate that the Cu precursor significantly affects resistivity in this study and is a key factor in determining the conductivity of the paste.
Table 2 Range and significance analysis results for the orthogonal test.
	Factors
	Precursor
	Resin
	Cellulose

	k1
	1221.04
	614.71
	562.12

	k2
	666.24
	720.12
	827.40

	k3
	461.10
	615.69
	615.48

	k4
	341.08
	738.94
	684.45

	R
	879.96
	124.23
	265.27

	P
	0.019
	0.517
	0.265



Samples 10 and 12 contain an identical amount of Cu precursor (Cu: Precursor =9:1). However, the resistivity of sample 10 is lower than that of sample 12 (717 μΩ·cm < 908 μΩ·cm). Therefore, this study selects sample 10 as the primary reference and further optimizes its resistivity by adjusting the quantity of the Cu precursor. Figure 4 shows the effect of Cu precursor addition on resistivity with the same quantity of resin and cellulose in sample 10. As the amount of the Cu precursor increases, the resistivity initially decreases and then subsequently rising. When the ratio is adjusted to 7:3, the electrical performance of the printed circuits significantly improves, achieving a minimum resistivity of 358 μΩ·cm, which is approximately 50% of the resistivity of sample 10. Additionally, the adhesion of the printed circuits meets the Level 5B. In summary, the primary recipe for the paste is formulated as follows: Cu flakes: Cu precursor: phenolic resin: ethyl cellulose: solvents = 38: 17: 4: 12: 29.
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Figure 4 Optimization effect of precursor addition on the resistivity of the printed circuits. The inset in the upper right corner illustrates the adhesion of the printed circuits at a 7:3 ratio. 

The performance of the printed circuits fabricated by the Cu paste is greatly influenced by the curing process. The resistivity under various curing times (5-120 min) and temperatures (140-220 °C) are measured (Figure 5). The results reveal that as the curing temperature and sintering time increased, the electrical performance of the printed circuits improved. When the curing temperature is set at 140 °C, and the duration is no less than 80 minutes, the lowest resistivity achieved is 477 μΩ·cm. Further increasing the temperature to 180 °C results in a reduction of resistivity to 346 μΩ·cm, which is approximately 69% of the resistivity measured at 140 °C. This improvement is likely attributed to the complete decomposition of the Cu precursor and the formation of conductive pathways during the curing process. At the same time, the shrinkage of the resin during curing enables the Cu flakes to be packed more closely together, thereby enhancing their electrical performance. Moreover, the study finds that when the curing temperature is increased to 200 °C, the printed circuits achieved comparable levels of resistivity with a curing time of only 5 minutes, reducing its resistivity to approximately 331 μΩ·cm. To ensure optimal resistivity while minimizing time costs, this study employs a curing method at 200 °C for 5 minutes.
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Figure 5 Effect of curing time and temperature on the resistivity of the printed circuits.

To demonstrate the applications of this paste, the paste was used to fabricate flexible heaters with large sale of 72 mm × 60 mm (Figure 6a) and the performances was examined. Figure 6b displays the temperature profiles of the heater under different voltages. The heater's temperature rapidly rises upon powering on at an ambient temperature of 27 °C. It reaches a maximum temperature of 85 °C in just 9 seconds and a voltage of 4.5 V, while returning to its initial state in about 19 seconds, demonstrating excellent performance. In addition, the heater demonstrates exceptional stability during continuous voltage ramping ranging from 2 V to 4.5 V (Figure 6c). To assess its durability, the thermal stability of the heater was evaluated by repeatedly switching on/off the applied voltage of 3 V every 30 seconds (Figure 6d). The results indicate that the surface temperature of the heater remained consistently stable within the range of 29 °C to 56 °C even after 20 cycles of testing, with minimal fluctuations. Additionally, this study utilized infrared thermography to observe the heat distribution of the heater under applied voltages ranging from 2 V to 4.5 V. Figure 6e shows that the heat distribution of the heater is uniform, further confirming its reliability for practical applications.

[image: ]
Figure 6 The application and performance of the heaters prepared by the Cu paste. (a) Screen-printed heater pattern on a PI substrate. (b) Temperature profiles of the heater under different applied voltages. (c) Temperature curve distribution of the heater with increasing and decreasing applied voltage. (d) Thermal stability performance of the heater when switching the voltage between 0 to 3V every 30 seconds. (e) Infrared images of the heater under different applied voltages.

In addition, this study employed the Cu paste to fabricate ultra-broadband (UWB) antenna, demonstrating its potential applications in the field of wireless communication. The performance of printed antennas is generally influenced by factors such as the conductivity of the paste and the thickness of the substrate. Based on simulations, the antenna size was 22 mm × 17 mm × 35 μm (Figure 7a). Antenna samples were prepared using screen printing and curing processes (Figures 7b, c). Figure 7d illustrates the simulated radiation pattern of the antenna, which is symmetric and demonstrates that the virtual antenna exhibits excellent omnidirectionality. Figures 7e and 7f show the results for the antenna's gain and radiation patterns. The minimum gain within the operational frequency range is 2.8 dBi, while the maximum gain reaches 13.8 dBi. Furthermore, the radiation pattern in the H-plane is elliptical, while the E-plane shows an "8" form. These results demonstrate that the antenna's radiation performance is exceptional and is consistent with the simulated results. Figure 7g presents the results of the antenna samples over the frequency range of 2 to 18 GHz. A lower S11 value indicates greater efficiency of the antenna within this frequency range. The results show that the S11 values of the antenna samples are all below -10 dB across the frequency range of 3.44 to 16.2 GHz, effectively covering the standard operational frequency range for ultra-broadband antennas (3.1 to 10.6 GHz). Additionally, the S11 value at a frequency of 5.56 GHz is -38 dB, reflecting outstanding performance and suitability for practical applications.

[image: ]

Figure 7 The performance of UWB antenna prepared by the Cu paste. (a) Design of the antenna, (b) Schematic diagram of the printing process for the UWB antenna using Cu paste. (c) A photo of the Cu antenna. (d) The simulated radiation pattern of the UWB antenna. (e) Gain performance of the UWB antenna sample. (f) The radiation pattern of the UWB antenna sample. (g) Return loss values of the UWB antenna sample.


4.Conclusion
In this study, we innovatively designed a novel Cu paste by adding Cu precursor into the resin, thereby achieving a balance between printed circuits' conductivity and adhesion. The Cu precursor improves the conductivity of the paste due to the in-situ decomposition of Cu formatted into Cu nanoparticles during the curing process. These Cu nanoparticles create additional conductive pathways in the insulating resin matrix, thereby enhancing electronic transport between the Cu flakes. As a result, the Cu paste achieves an approximately 2.6 times improvement in electrical performance despite a 15 wt.% reduction in total metal content due to the addition of the Cu precursor. This approach provides a promising method for developing high-conductivity pastes with low metal content. Furthermore, through orthogonal tests and analysis, we clarified the relationship between the paste formulation and the performance of printed circuits. The optimal formulation of the paste is demonstrated as follows Cu flakes: Cu precursor: phenolic resin: ethyl cellulose: solvents = 38: 17: 4: 12: 29. After subtle optimization, the pastes of this formulation were treated with nitrogen thermosetting at 200 °C for 5 minutes, resulting in a minimum resistivity of 331 μΩ·cm, which demonstrates excellent conductivity. Additionally, the printed circuits produced achieved a level 5B in the ASTM D3359 standard, ensuring their reliability for practical applications. We successfully utilized this novel paste to fabricate heaters and ultra-broadband (UWB) antennas by screen printing processes. The resulting samples show outstanding performance in response speed, stability, flexibility, and radiation characteristics. These results substantiate the broad application potential and commercial value of this innovative paste.
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