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Abstract 

An organic metal ink which contains 9.6wt% copper (Ink9.6) was successfully applied 

to a modified polyimide (PI) substrate by droplet deposition and then sintered to produce 

copper films with good electrical conductivity. The ink was based on short carbon chain 

organic copper compounds and the resulting copper film was formed by self-reduction in 

the sintering process. The effects of sintering temperature and time on the microstructure 

and electrical conductivity of the copper films were studied by XRD, EDS and SEM and 

electrical measurements, respectively. The sheet resistance and resistivity were 

determined to be as low as 0.11 Ω/□ and 2.2x10-5 Ω·cm respectively. The conduction 

mechanism is discussed in terms of the percolation theory.   
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1. Introduction 

In recent years, printable metal inks have attracted much attention due to the potential 

application in low-cost and sophisticated electronic devices, such as flexible displays,1 

photovoltaics,2 transistors,3 antennas,4 batteries5 and sensors.6  

Silver inks, the currently favoured metal inks, have been under rapid development. 

Different types of silver inks have been used to produce conductive traces ,7-20 such as 

nanosilver ink which can melt at a much lower temperature than the bulk material and 

organic silver ink which can be reduced to metal at low temperature. However, the issues 

of high cost and low content of the silver inks as well as the electromigration effect in the 

sintered films limit their wide applications. 

Copper is an attractive alternative to silver because of low cost and better bulk 

conductivity. Several methods for the synthesis of copper inks have been developed21-27. 

The major drawbacks associated with the copper nanoparticle (NP) based inks are caused 

by easy agglomeration and high tendency to oxidation under ambient conditions. This is 

a significant issue since the oxidized particles require elevated temperatures to sinter and 

usually have a poor electrical conductivity. To avoid the oxidation of Cu NPs, a very 

successful approach is to stabilize copper NPs by using amorphous carbon or graphene, 

alkene chains, organic polymers or core-shell structures28,29.  

Although significant progress has been made in resolving the issues of aggregation and 

oxidation for copper NP inks, most of the developments are still not economically feasible 

because of the low throughput and poor scalability. In addition, in order to avoid oxidation 

the sintering process is carried out in a reductive atmosphere. Moreover, most of copper 
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nanoinks usually need a high sintering temperature to achieve good conductivity, which 

makes it impossible to exploit the process using flexible substrates. Therefore developing 

economically feasible methods to produce copper inks and films with excellent 

conductive properties on flexible substrates, is still a major challenge.  

In contrast to copper nanoinks, organic copper inks are stable and do not suffer from 

oxidation problems during synthesis and storage under aerobic atmosphere. The absence 

of NPs in these inks is an advantage in inkjet printing since the particulate materials may 

interfere with the printing process. Thus, organic copper decomposition inks  are of a 

major research interest. Several organic copper inks have been developed during the 

recent years30-34, where Cu-precursors were generally mono- or divalent Cu-organic 

compounds. No issues related to oxidation during the preparation, storage and deposition 

processes were reported. Among these inks, the thermal decomposition ink of amine 

complexes of copper formate is a significant development, but this is the only example of 

this type of ink system. To date, there is no report of the systematic variations of organic 

copper inks. 

On the other hand, as a flexible substrate material, polyimide (PI) is widely used in the 

printed electronics industry today, due to its low cost, outstanding dielectric, thermal and 

thermo-mechanical properties. However, the native surface of the PI films is not ideal for 

ink printing and the resultant metal layer has poor adhesion to the PI film since there are 

no functional groups on its surface. Therefore it is necessary to modify the PI surface in 

order to overcome the problem. It has been shown that suitable surface treatment 

techniques using plasma or alkaline solution based methods can make the surface 

hydrophilic for easy printing and improve the adhesion of the metal film to the PI surface 
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35. Nevertheless, this aspect has not been studied in detail in most of the ink patterning 

processes, although it has been widely used in electroless deposition of metal films on 

flexible substrates. 

Moreover, little attention has been given to factors affecting the formation and 

conductive mechanism of the copper ion based ink films. 

In our previous work36, we designed and prepared a new copper ink, named as Ink9.6 

(9.6wt% Cu content), using short carbon chain organic copper compounds. The 

preliminary work showed that copper films with better conductivity and no formation of 

coffee ring ncould be formed on a glass substrate using a mixture of lower and higher 

boiling point solvents. However, the compatibility of the ink with flexible substrates and 

the relationship between the microstructure and the electric property of the ink films were 

not studied. 

In this paper we present our recent work on the deposition, sintering and 

characterisation of Ink9.6 based copper films on modified PI substrates. We show that high 

quality copper films with excellent conductivity can be produced on flexible PI films. The 

effects of sintering temperature and time on the microstructure and electrical properties 

of the copper films have been investigated. The conductive mechanism is explained by 

the percolation theory.  

2. Experimental 

2.1 Materials  

Copper acetate, cyclohexylamine, ethanol and ethylene glycol were obtained from 

Sigma-Aldrich and were used as received without further purification. The polyimide (PI) 

substrate was a Kapton film from Dupon (500 HN, 127µm in thickness). For surface 
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modification, the PI film was cut into square pieces (15mm15mm) and cleaned with 

ethanol and de-ionized water to remove particles and organic contamination prior to the 

surface modification process.  

2.2 Synthesis 

The organic copper ion based ink, Ink9.6, was prepared by a complexation-reduction 

process36: copper acetate (2.4g) was first dissolved completely in 2.5ml of an ethanol/ 

ethylene glycol mixture under vigorous stirring, and then cyclohexylamine (2ml) was 

titrated into the above solution dropwise in 60s. After stirring for 10 minutes, formic acid 

(1.104ml) was added. The mixture was stirred for 60 minutes to form the ink. It is useful 

to note that the solution had a distinct colour change, from the initial dark blue colour to 

become green, due to the effect of the carboxyl groups as illustrated in the following 

reaction 37: 

222222
[ )]Cu(NHHCOOOCH)Cu(NH

Δ




 

2.2 Patterning and metallization 

The PI films were processed in an alkaline solution containing 10% sodium hydroxide 

at 30C for 60 minutes. Then, the copper ink was deposited on the modified PI films by a 

drop-coating method, and sintered in nitrogen at selected temperatures for up to 60 

minutes. The film thickness was controlled by the volume of copper ink solution deposited 

onto the PI film. 

2.3 Characterization 

The viscosity and surface tension of the ink were obtained on a Brookfield DV-ΙΙΙ+ 

rheometer and a Kruss K10ST tensiometer, respectively. The measurements were made 

at 25C. The crystalline structure was measured by X-ray diffraction (XRD) using Cu Kα 
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and λ=0.15418nm. Fourier transform infrared spectra in the range of 400  - 4000cm-1 were 

recorded on a Perkin Elmer Spectrum 100 FT-IR spectrometer. A Zygo View 5200 white 

light phase shifting interferometer was used to obtain the surface profiles of the modified 

PI substrates. The chemical composition was determined on an Oxford X-maxN 150 

surface energy disperse spectrometer. The surface morphology of the copper films was 

obtained on a Leo 1530 VP Field Emission Scanning Electron Microscope (SEM). The 

sheet electrical resistivity was measured using a multi-height probe station (Jandel 

Engineering, UK) with tungsten probe tips of 1mm of spacing and 60g of maximum force. 

The thickness of the copper films was measured using a surface profilometer (Dektak, 

Veeco, America) and was used to calculate the equivalent bulk resistivity.  

3. Results and discussion 

3.1 Viscosity and the surface tension of Ink9.6 

The solvent composition of an ink is crucial and  should meet various requirements 

such as stability, uniform surface morphology and high conductivity of the film formed 

by the ink. The surface tension and viscosity of the ink should allow fluid flow and drop 

formation in an inkjet head or a pen head without causing satellite droplets or clogging in 

the inkjet nozzle.  

In our work, ethanol was used to adjust the surface tension of the ink and ethylene 

glycol was used as a co-solvent to decrease the evaporation rate. The viscosity and surface 

tension of the ink were measured to be 20.69mPa·s and 34.33mN·m-1 respectively. We 

show that ink9.6 can be used to write directly on a modified PI film using a pen to form a 

pattern with a relatively uniform surface structure after sintering at 230C and showing 
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no coffee ring effect (Shown in Fig.1). As can be seen in Fig. 1, the thickness of the copper 

traces in the written characters is about 1 m.  

 

3.2 Surface modification of PI substrate 

Surface treatment and modification of substrates are often required before ink 

deposition in order to generate suitable reactive sites or functional groups on the surface 

to improve ink deposition and the adhesion of the resulting metal films to the substrate. 

Several techniques have been developed for modification of the surface of flexible 

substrates35. These techniques can be classified into two types, the physical approach such 

as surface roughening by plasma surface interaction and the wet chemistry based method 

such as an alkali solution based treatment.  

In this work, we used the alkaline hydrolysis based method to modify the PI films. 

Sodium hydroxide (NaOH) was selected as the treatment agent. The effects of the NaOH 

concentration, time and temperature of the hydrolysis process on the surface modification, 

were investigated by FT-IR measurements and by surface profilometry on the Zygo white 

light interferometer. 

Fig. 2 shows the FT-IR spectra of the original and modified PI films. The characteristic 

peaks appearing around 820, 1090, 1110, 1162, 1306, 1367, 1492, 1598, 1708 and 1775 

cm-1 in the original PI film, are associated with the out-of-plane deformation vibration of 

the C6H2 group, C-O-C stretching (1090, 1110 cm-1), C-C bending (1162 cm-1), C-N 

stretching (two peaks i.e. 1306, 1367 cm-1), aromatic C=C ring stretching (two peaks i.e. 

1492, 1598 cm-1), C=O symmetrical stretching and C=O asymmetrical stretching. This is 

in agreement with the FT-IR analysis of polyimide films in the previous work38.  
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Comparing the results in Fig. 2 (a), (b) and (c), it can be seen that chemical changes 

have occurred on the surface of the PI films after the treatment depending on the process 

temperature and time and the concentration of the alkali solution. First the peaks at 1090, 

1110, 1162, 1492, 1598 cm-1 become weaker and second the peaks at 820, 1367, 1708 and 

1775 cm-1 have disappeared. These IR absorption peaks are all associated with the imide 

group, therefore indicating opening of the polyimide ring after alkaline hydrolysis. This 

is supported by the appearance of some new peaks at 1370, 1546 and 1643cm-1. The peaks 

at 1643 and 1546 cm-1 are attributed to the stretching vibration of the C=O bond and the 

bending vibration of the N-H bond of the CONH group, indicating the formation of 

amino compounds on the PI surface. The peak at 1370 cm-1 is attributed to the symmetric 

stretching of carboxylate groups. These changes indicate the reaction of the hydroxyl 

groups and the imide rings producing amide structures resulting in surface activation of 

the PI. The mechanism of this modification process is shown in following reaction 

scheme.39  

O

NH

O

+

O

N

OH

O-

OH-

O

NH

O

O-

 

The hydroxyl ions diffuse from the alkaline solution into the polyimide substrate, 

where they nucleophilically attack the carbonyl group, creating an intermediate anion, or 

an activated complex. Cleaving of the C–N bond is completed by the transfer of a proton 

from the oxygen to the nitrogen atom, creating the carboxyl group.  

The evidence of the physical modification can be seen in the comparison of the 

interferometry profiles between the untreated and  the modified PI films. It is obvious 

that the surface roughness of the modified PI film is greater than the untreated sample. 

javascript:void(0);
javascript:void(0);
javascript:void(0);
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The surface roughness, Ra, changed from 0.029µm to 0.050µm, indicating that the 

effective surface area of the PI film after modification has increased (Fig.  3). 

Therefore, good hydrophilic interaction and binding between the ink droplet and the 

surface of the PI film could be obtained. However, in consideration of the structure and 

properties of the PI material, the treatment time needs to be controlled. The best results 

of ink deposition were obtained at 30C for 60 minutes for a solution containing 10% of 

sodium hydroxide. The ink droplets could spread well and the resultant copper films have 

good adhesion with the PI films. 

3.3 Microstructure of the copper films 

Ink films were produced by drop-coating of Ink9.6 on the modified PI substrates. The 

decomposition and sintering process were carried out on a hotplate in a chamber filled 

with nitrogen. Based on the boiling point of ethylene glycol (Tb=197.3C), the heat-

resisting temperature of the PI substrates and the results of DSC analysis of the 

decomposition temperature of the organic species in the ink36, we used temperatures 

between 190C and 250C for the thermal sintering process.  

Fig. 4 shows the XRD results for the copper films sintered at different temperatures for 

60 minutes. The XRD data are in agreement with the expected values for a face-centered 

cubic (fcc) crystal structure of copper. In fact, the peaks at 43.2º, 50.3º and 74.1º 

correspond to the (111), (200) and (220) crystal planes of Cu. Peaks relative to the PI 

substrates can also be observed since the thickness of the copper films was about 2 m as 

will be shown in section 3.4. No diffraction peaks from any other impurities were detected. 

The intensity of the diffraction peaks increased with the sintering temperature because of 

the increased crystallization of the copper NPs in the film. As it is well known, copper is 
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easily oxidized into either Cu2O or CuO. However, the copper in the sintered copper films 

here showed negligible oxide composition. This may be attributed to the reduction action 

of the formic acid in the sintering process.  

O(l)HgCOsCuHCOOHOCu
Δ

222 )()(   

The particle sizes of the copper nanocrystals in the films formed at 200C, 220C and 

250C were calculated using the Debye-Scherrer equation,  

 cos/89.0 Bd               (1) 

 where d is the particle size, λ is the x-ray wave length (0.15418nm), θ is the Bragg 

angle and B corresponds to the full width at half-maximum (FWHM). The results are 

given in Table 1. 

Table.1 Particle sizes of copper nanocrystals in the films produced at different sintering temperatures 

Sintering temperature (C)  (Degrees) B (nm) Size (nm) 

200 43.195 0.236 35.82 

220 43.177 0.210 40.26 

250 43.223 0.164 51.55 

 

Clearly, the average particle size of copper nanocrystals in the film increased with the 

sintering temperature, indicating higher temperature is conducive to copper crystal growth. 

This is a beneficial effect in improvement of the conductivity of the copper films.  

The SEM images of the copper films sintered at different temperatures are shown in 

Fig. 5. Based on DSC-TG36 measurements and studies of thermal decomposition of 

copper ammonia complex,30, 34, 40 it can be deduced that the films underwent 

simultaneously the process of solvent evaporation, reduction of copper ions and neck 

connection of the copper nanoparticles during the sintering process. Depending on the 
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sintering temperature, the copper nanoparticles in the films were subjected to different 

microstructural changes. Three stages can be identified. At the lower sintering 

temperature (190C, 200C), the copper ions were reduced slowly and the small copper 

nanoparticles were still coated by organic molecules (e.g. ethylene glycol) with less 

connection among them. Consequently there were some pores and voids among the NPs. 

At the higher sintering temperature (210C, 220C), more copper NPs were produced 

with improved contact among them and formed larger particles through neck connection, 

thus smoother films were obtained. Meanwhile, the pores and voids among the 

nanoparticles were also reduced and the stacking density was improved greatly. Sintering 

at even higher temperatures (above 220C) could further compact the film with the 

formation of more large but uniform particles.  

Considering the issue of oxidation of the copper NPs at high temperatures and the 

densification of the film as well as the heat-resisting temperature of PI substrates, we 

selected 230C as the sintering temperature to study the effect of sintering time on the 

microstructure of the copper films. Samples were sintered for 15, 30, 45 and 60 minutes 

and changes in film structure were evaluated by SEM and XRD measurements. As shown 

in Fig. 6, copper ions were transformed to copper crystals within 15 minutes. As the 

sintering time increases, the peak intensity also increases, indicating that more metallic 

copper was formed (Fig.6). The particle sizes of copper nanocrystals in the films formed 

were calculated using equation (1) and the results are shown in Table 2. As it can be seen, 

larger copper nanoparticles were formed at longer sintering times. 

Table.2 Particle sizes of copper nanocrystals in the films produced at different sintering times 

Sintering time (min)  (Degrees) B (nm) Size (nm) 
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15 43.241 0.251 33.69 

30 43.194 0.206 41.07 

60 43.177 0.180 46.98 

 

The SEM pictures in Fig. 7 show the evolution of the copper particles as a function of 

sintering time. It can be seen that, after 15 minutes, although the copper nanoparticles 

were connected to each other, there existed many voids causing loose connections 

between the particles. However as the sintering time was increased, more copper particles 

were generated. The original copper particles acted as crystal nuclei and grew quickly. At 

the same time the voids in the films were reduced. When the sintering time was 60 minutes, 

the copper nanoparticles became very large and connected together to form a dense 

structure.  

The chemical compositions of the copper film sintered at 230C for 30 and 60 minutes 

were studied by EDS. Fig. 8 shows the corresponding surface energy spectra. Three 

elements (C, O, and Cu) were found to exist in the films. When the sintering time was 

increased from 30 to 60 minutes, the Cu content increased from 86.21 wt% to 90.75 wt% 

and the content of C decreased from 11.96 wt% to 8.07 wt%, the content of O decreased 

from 1.83 wt% to 1.17 wt%. The results indicate that organic molecules on the NPs 

surfaces were decomposed and volatilized mostly. 

3.4 Electrical performance  

The resistivities of the deposited copper films were calculated from the measured sheet 

resistance and film thickness using the equation (2): 

tRs                           (2) 
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where ρ is the resistivity, Rs is the sheet resistance of the copper film, t is the film 

thickness which was measured to be about 2 μm for the copper films.  

Figs. 9 and 10 show the dependence of resistivity on the sintering temperature for the 

sintering time of 60 minutes and the effect of sintering time on the resistivity of the films 

at the sintering temperature of 230C. The resistivity of the film decreased from 1.5910-

4 Ω·cm to 2.1910-5 Ω·cm as the sintering temperature was increased from 190C to 

250C. The decrease in resistivity with temperature can be explained by the fact that 

copper NPs become larger and more closely connected at a higher sintering temperature 

or a longer sintering time.  

From the resistivity results it can be seen that the sintering temperature and time and 

the resultant stacking density of the metallic NPs are mainly responsible for the 

conductivity of the copper films. The conductive mechanism can be explained by 

invoking percolation theory41.  

Initially, due to the lower reduction temperature (190C), less copper particles wre 

produced and these were still coated by ethylene glycol (Tb=197.3C).  Therefore the 

NPs could not form a continuous conductive network; the resistivity at this stage was 

relatively high and thus the film was less conductive. At a higher sintering temperature 

(190-230C), more solvent evaporates and more copper particles were generated with a 

uniform morphology (Fig. 5). On the other hand as the sintering time was increased, the 

produced copper particles were more in contact between each other (Fig.5) resulting in 

improved stacking density, and hence the resistivity decreased greatly (Fig.9). Finally 

when the sintering temperature was above 230C, the resistivity decreased slowly, this 

indicates that the percolation threshold was reached. In this case more organic molecules 
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was decomposed and volatilized mostly, and all Cu2+ ions were reduced to Cu0. The size 

of the copper particles increased further and a continuous conductive track was formed. 

Therefore the conductive efficiency can be enhanced.  

4. Conclusions 

An organic copper ink has been successfully deposited on a modified PI substrate and 

copper films with good conductivity have been obtained after sintering. The ink was 

synthesized using short chain carbon compounds. In the substrate modification process, 

the PI surface was activated after treatment in an alkaline solution to form amide 

structures and hydroxyl groups through the opening of the imide rings. The effects of the 

chemical treatment on the surface of the PI substrates were studied by FT-IR 

measurements followed by surface profilometry. The microstructure, composition and 

electrical properties of the copper films produced under different sintering conditions 

have been investigated. It has been shown that a conductive copper film can be obtained 

at a sintering temperature as low as 190C. An improvement in conductivity can be 

achieved by sintering at higher temperatures. The surface microstructures under different 

sintering conditions indicate that high stacking density of the metallic particles is mainly 

responsible for the conductivity of the copper films in the film formation process. The 

conductive mechanism has been discussed based on the percolation theory.  

Acknowledgement 

This work is supported by a visiting scholarship from the Chinese Academy of 

Sciences of China.   

References 

[1] Y. Chen, J. Au, P. Kazlas, A. Ritenour, H. Gates, M. McCreary, Nature 423, 136 (2003) 



15 

[2]  C. N. Hoth, S. A. Choulis, P. Schilinsky, C. Brabec, Adv. Mater 19, 3937 (2007).    

[3]  H. Okimoto, T. Takenobu, K. Yanagi, Y. Miyata, H. Shimotani, H. Kataura, Y. Iwasa, 

Adv. Mater 22, 3981 (2010) 

[4] V. Subramanian, J. M. J. Frechet, P. C. Chang, D. Huang, J. B. Lee, S. E. Molesa, A. 

R. Murphy, D. R. Redinger, S. K. Volkman, Proceedings of the IEEE 93, 1330 (2005)  

[5]  L. Hu, J. W. Choi, Y. Yang, S. Jeong, F. La Mantia, L. F. Cui, Y.Cui, PNAS 106, 

21490 (2009) 

[6]  C. T. Wang, K. Y. Huang, D. T. W. Lin, Y. C. Hu, Sensors 10, 5054 (2010) 

[7]  C. N. Chen, C. P. Chen, T. Y. Dong, T. C. Chang, M. C. Chen, H. T. Chen, I. G. 

Chen, Acta Mate, 60, 5914 (2012) 

[8] S. Magdassi, M. Grouchko, O. Berezin, A. Kamyshny, ACS Nano 4, 1943 (2010) 

[9] S. B. Walker, J. A. Lewis, J. Am. Chem. Soc 134, 1419 (2012)  

[10] S. Jeong, H. C. Song, W. W. Lee, Y. Choi, S. S. Lee, B. H. Ryu. J. Phys. Chem. C 

114, 22277 (2010) 

[11] R. Shankar, L. Groven, A. Amert, K. W. Whites, J. J. Kellar. J. Mater. Chem 21, 

10871 (2011)  

[12] B. Y. Ahn, D. J. Lorang, J. A. Lewis, Nanoscale 3, 2700 (2011) 

[13] W. D. Yang, C. Y. Liu, Z. Y. Zhang, Y. Liu, S. D. Nie. J. Mater. Chem 22, 23012 

(2012) 

[14] Y. Chang, D. Y. Wang, Y. L. Tai, Z. G. Yang. J. Mater. Chem 22, 25296 (2012) 

[15] Z. L. Zhang, X. Y. Zhang, Z. Q. Xin, M. M. Deng, Y. Q. Wen, Y. L. Song. 

Nanotechnology, 425601 (2011) 



16 

[16] Y. L. Tai, Z. G. Yang. Surf Interface Anal 44, 529 (2012) 

[17] S. Jeong, H. C. Song, W. W. Lee, Y. Choi, B. Ryu. J. Appl. Phys 108, 102805 (2010) 

[18] R. Shankar, L. Groven, A. Amert, K. W. Whites, J. J. Kellar. J. Mater. Chem 21, 

10871 (2011)  

[19] B. Y. Ahn, D. J. Lorang, J. A. Lewis, Nanoscale 3, 2700 (2011) 

[20] X. L. Nie, H. Wang H, J. Zou. Appl. Sur. Sci 261, 554 (2012) 

[21] D. Y. Deng, Y. R. Cheng, Y. X. Jin, T. K. Qi, F. Xiao. J. Mater. Chem 22, 23989 

(2012) 

[22] D. Y. Deng, Y. R. Cheng, Y. X. Jin, T. K. Qi, F. Xiao. ACS Appl. Mater. Interfaces 5, 

3839 (2013)  

[23] Y. Lee, J. R. Choi, K. J. Lee, N. E. Stott, D. Kim. Nanotechnology 19, 415604 (2008) 

[24] X. F. Tang, Z. G. Yang, W. J. Wang. Colloid Surfaces A 360, 99 (2010) 

[25] Y. Kim, B. Lee, S. Yang, I. Byun, I. Jeong, S. M. Cho. Curr Appl Phys 12, 473 (2012) 

[26] N. A. Luechinger, E. K. Athanassiou, W. J. Stark, Nanotechnology 19, 445201 (2008) 

[27] E. K. Athanassiou, R. N. Grass, W. J. Stark, Nanotechnology 17, 1668 (2006) 

[28] A. Kamyshny, S. Magdassi, Small 17, 3515 (2014) 

[29] S Magdassi, M Grouchko, A. Kamyshny, Materials 3, 4626 (2010) 

[30] A. Yabuki A, N. Arrifin N, M.Yanase, Thin Solid Films 519, 6530 (2011) 

[31] B. Lee, Y. Kim, S. Yang, I. Jeong, J. Moon, Curr Appl Phys 9, 157 (2009) 

[32] S. J. Kim, J. Lee, Y. H. Choi, D. H. Yeon, Y. Byun, Thin Solid Films 520, 2731 (2012) 

[33] D. H. Shin, S. Woo, H. Yem, M. Cha, S. Cho, M. Kang, S. Jeong, Y. Kim, K. Kang, 

Y. Piao, ACS Appl Mater Interfaces 6, 3312 (2014)  



17 

[34] A. Yabuki, S. Tanaka, Mater Res Bull 47, 4107 (2012) 

[35] M. Gilliam, Polymer Surface Treatment and Coating Technologies, Springer-Verlag, 

London, 2013 

[36] W. D. Yang, C. Y. Liu, Z. Y. Zhang, Y. Liu, S. D. Nie, RSC Advances 4, 60144 (2014) 

[37] Shan Jing, Preparation of copper based particle-free conductive ink and its film 

formation investigation, Tianjin University, Master Thesis of China, (2013)  

[38] M. Garg and J. K. Quamara, Indian J Pure & Appl Phys 45, 563 (2007) 

[39] L. E. Stephans, A. Myles, R. R.Thomas, Langmuir 16, 4706 (2000) 

[40] Y. Farraj, M. Grouchko, S. Magdassi, Chem. Commun 51, 1587 (2015) 

[41] E.Pike, C. H. Seager, Phys.Rev. B 10, 1421 (1974) 

 

 

Figures Captions 

Fig.1. Surface profile of the copper ink drawn on a modified PI substrate using a pen 

(inset (a) a photograph of Ink9.6 in a small container, (b) a handwriting pattern and (c) the 

same pattern after sintering at 230℃) 

Fig.2. FT-IR spectra of the PI film treated with different temperatures (a), concentration 

of alkali (b) and time (c). 

Fig.3. Interferometry profiles of PI film (a and b for un-treated PI film; c and d for 

modified film). 

Fig.4. XRD patterns of the copper films sintered at different temperatures for 60 minutes. 

Fig.5. SEM images of copper films formed at different sintering temperatures for 60 



18 

minutes. 

Fig.6. XRD patterns of the copper films sintered at 230℃ for 15, 30, 45 and 60 minutes. 

Data sets have been shifted vertically, for clarity. 

Fig.7. SEM images of copper films formed at 230℃ for 15, 30, 45 and 60 minutes 

Fig.8. EDS results of copper films formed at 230C for 30 and 60 minutes respectively. 

Fig.9. Resistivity of the deposited copper films sintered at various temperatures in 

nitrogen for 60 minutes 

Fig.10. Resistivity of the deposited copper films as sintering time at 230C 

 

 

 

 

Fig.1. Surface profile of the copper ink drawn on a modified PI substrate using a pen 

(inset (a) a photograph of Ink9.6 in a small container, (b) a handwriting pattern and (c) the 

same pattern after sintering at 230℃) 
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Fig.2. FT-IR spectra of the PI film treated with different temperatures (a), concentration 

of alkali (b) and time (c). 
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Fig.3. Interferometry profiles of PI film (a and b for un-treated PI film; c and d for 

modified film). 
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Fig.4. XRD patterns of the copper films sintered at different temperatures for 60 minutes.  
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Fig.5. SEM images of copper films formed at different sintering temperatures for 60 

minutes. 
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Fig.6. XRD patterns of the copper films sintered at 230℃ for 15, 30, 45 and 60 minutes. 

Data sets have been shifted vertically, for clarity. 
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Fig.7. SEM images of copper films formed at 230℃ for 15, 30, 45 and 60 minutes 
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Fig.8. EDS results of copper films formed at 230C for 30 and 60 minutes respectively. 
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Fig.9. Resistivity of the deposited copper films sintered at various temperatures in 

nitrogen for 60 minutes 
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Fig.10. Resistivity of the deposited copper films as sintering time at 230C 

 

 

 

 

 

 

 

 

 

 


