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Cu based metal-organic decomposition (MOD) ink has been preferred as a printable conductive material in the field of printed

electronics because it can mitigate the formation of undesired Cu oxide or precipitation of the metal source during storage and

printing. However there will be oxidation of Cu during sintering process in air environment, for fabrication of conductive track from

printed ink. In this paper, possibility of laser-sintering of Cu MOD ink in air was studied. The Cu MOD ink was spin-coated on

polyimide (PI) substrate. The laser with 355 nm wavelength was accommodated as a heat source in this study. The parametric study

with various laser power intensities and scan rates, showed 230-557 W/cm2 and 1-8 mm/s as the feasible laser-sintering process

window. As a result, the specific resistance of the laser-sintered Cu MOD ink was achieved 21 µΩcm which was about 10 times as

much as that of bulk Cu. As an application, laser-sintered Cu MOD ink was confirmed to give acceptable performances compared

to traditional Cu sheet electrodes as flexible current collectors of the supercapacitor.
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1. Introduction

In the electronics industry, fabrication of each conductive pattern is

normally proceeded with photolithography method, which includes

multiple steps such as spin-coating of photoresist, thin film deposition,

photomask fabrication, light irradiation, developing and etching

processes. These time-consuming processes result in high production

cost due to expensive equipment and high energy usage. Accordingly,

the development of novel and low-cost processing techniques to

fabricate conductive patterns has attracted more attention in recent

years. Thus, printing technology has been considered as a promising

alternative to traditional lithography.1-5

Conductive pastes or inks including precious metal such as Au and

Ag are widely used because of their high electrical conductivities and

non-oxidation properties. However, the use of these materials increases

the proportion of the material cost due to recent trends of increasing

size of flat panel displays and flexible displays. In this regard, Cu is a

good alternative material with its high conductivity and significantly

cheaper price than Au and Ag. The only disadvantage is that Cu is

easily oxidized, which may deteriorate the conductivity of electronics.

The oxidation problem can be mitigated by covering the surface of Cu

nano particles with a proper capping agent but it is still incomplete

technology as reported in previous studies.6,7 To overcome this problem

of easy oxidation, Cu based metalorganic decomposition (MOD) inks

have also been studied.8-10 MOD inks consist of metalorganic

compounds, solvents, and some other additives. These types of inks

have their Cu source in a monovalent or divalent state in the metal-

organic compounds, so there is no possibility of the formation of

undesired Cu oxide or precipitation of the metal source during storage.

However, the oxidation of Cu in sintering process was still occurred

during fabrication of conductive lines by using the ink. Generally, the

printed Cu ink should be annealed under a inert or reduction gas

environment to remove the surface oxides and avoid oxidation during

heat treatment.11-13 Recently, rapid sintering process has been

introduced to avoid oxidation problem.14-16 They reported that metal

nano particles can reach the high enough temperature to be sintered

within a few milliseconds. Also there were reports about Cu based

MOD ink sintering by laser. They were pure N2 environment
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experiment and showed longer sintering time such as about a half

second.17,18 However N2 costs more than air environment and faster

sintering time means higher productivity.

In this paper, the Cu based MOD ink was sintered by laser in

ambient air condition. Electrical performance of Cu film fabricated by

rapid laser sintered on spin-coated Cu based MOD ink was analyzed in

terms of oxidation and morphology. In addition, feasibility of the laser

sintered Cu MOD film on polyimide film was explored as current

collectors of a supercapacitor.

2. Experiment

The Cu based MOD ink (Changsung Co., CHI-193) contains 10 %

of used Cu, and main solvent is isopropyl alcohol.10

To prepare the substrate, polyimide solution (PICOMAX, 4 wt%) was

spin-coated on 24 mm × 24 mm glass at 3000 rpm. and was baked at

260oC for 2 hrs. After then, the Cu based MOD ink was spin-coated on PI-

coated glass at 3000 rpm, and it was dry at 60oC for 10 min by oven in air.

For laser sintering, the 355 nm wavelength of laser with nanosecond

pulsed was (Yuco optics, maximum output power 1.7 W @18kHz) was

employed as the heat source. Fig. 1 shows the schematic of the laser

sintering system. A series of plano-convex cylindrical lens transformed

the Gaussian laser beam into eleptical beam of 1.4 mm (major axis) X

0.06 mm (minor axis) size and maximum average intensity of 557 W/cm2.

The sample was placed on the motorized translation stage and the laser

sintering was performed over 4 × 20 mm2 area with an overlap of

0.4 mm between scanning lines of 1.4 mm width.

The sheet resistance of sintered Cu film was measured by 4-point

probe, and thickness was measured by the Alpha-step. Morphology and

oxidation of sintered Cu film were analyzed by field emission scanning

electron microscope (FE-SEM, Hitachi) and X-ray diffraction (XRD,

Rigaku). Also, the surface roughness was obtained by AFM (Atomic

Force Microscope, Park Systems)

To test feasibility as current collectors a supercapacitor was made as

follows. The activated carbon (CEP21, Power Carbon Technology),

carbon black (TIMCAL), and Polyvinylidene fluoride (PVDF, Aldrich)

were mixed in 1-Methyl-2-pyrrolidinone (NMP, Aldrich) with 8:1:1

weight ratio. The 1 × 1 cm2 size of carbon paste was patterned on the Cu

thin film by screen printing method and it was placed on 80 oC hot plate

to dry the solvent. As a result, about 1.5 mg of carbon slurry on the Cu

substrate was obtained. The 1 M of Tetraethylammonium

Tetrafluoroborate (TEA-TFB, Aldrich) solved in Propylene Carbonate

(PC, Aldrich) was used as electrolyte. The two prepared electrodes were

sandwiched with polypropylene separator and filing with electrolyte. The

assembly procedure was carried under inert gas environment and the

moisture and oxygen concentration was controlled less than 1 ppm.

The impedance and cyclic voltammetry characterization was

performed via Versastat 3 (Princeton Applied Physics). The gravimetric

specific capacitance Cs
 was obtained with following equation.

Where Q is areal charge from scan of CV curve, ∆E is the voltage

range (2.5 V), S is the voltage scan rate, and m is the weight of carbon

slurry per Cu electrode. The factor 2 should be added because the full cell

is equivalent to two capacitive system connected with series configuration.

3. Results and Discussion

Fig. 2(a) shows the specific resistance of sintered Cu MOD ink as

function of scan rate in air. There are two regimes with increasing scan

rate. The first one is the specific resistance decreasing regime as scan

speed increases between 1-4 mm/s. The later one shows increasing of

the specific resistance between 4-8 mm/s. The minimum specific

resistance of sintered Cu MOD ink was 21 µΩcm at 4 mm/s which was

a similar value reported other studies in N2 environment.18 The specific

resistance of sintered Cu MOD ink in inert gas environment was

decreased with decreasing scan rate but the minimum specific

resistance of sintered Cu MOD ink was similar. Fig. 2(b) depicts XRD

pattern of sintered Cu MOD film with various scan rate. Cu2O peaks

were observed in XRD pattern of sintered Cu MOD film at 2 mm/s but

only Cu peaks were observed between 4-6 mm/s. The Cu particles were

formed, sintered and oxidized sequentially from Cu based MOD ink at

2 mm/s of scan rate but, on the other hand, it were not oxidized at

higher scan rate such as between 4-6 mm/s. In addition, the morphology

of the sintered Cu MOD film and dried Cu based MOD ink are shown

in Fig. 2(c). No particle was observed in spin-coated Cu based MOD ink

(see Fig. 2(c) (i)). The particles were produced from Cu based MOD ink

with laser irradiation. The sintered film has a little portion of Cu over

6 mm/s of scan rate, due to short time of laser irradiation to form Cu

particles in Fig 2(c) (vi). Thus, the sintered Cu film has low specific

resistance over 6 mm/s compared to 4 mm/s of scan rate. The scan rate

was meant sintering time considered the laser beam size. In air, Cu film

was formed from Cu MOD ink over 7.5 milliseconds and the Cu film

was denser with increasing sintering time at 230 W/cm2. However the Cu

film was oxidized over 15 milliseconds. The Cu MOD ink has Reaction

(1) by thermal decomposition.10,19

(1)

The sintered Cu MOD ink was not oxidized, because non-oxidizing

or reduction environment was made by the generated CO2 and H2

during sintering time (15 millisecond or less) in local area.

Next, the effect of laser power variation with fixed scan rate at 4

mm/s was studied as depicted in Fig. 3. Fig. 3(a) shows specific

resistance of sintered MOD Cu film. The specific resistance was

dramatically decreased at threshold intensity 230 W/cm2, and was
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Fig. 1 (a) Schematic diagram of laser sintering system (b) Sintered

copper based MOD ink on polyimide coated glass by laser
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increased with increasing intensity over 230 W/cm2. Fig. 3(b) shows

XRD pattern of sintered Cu MOD film. Cu peak was observed at only

230-557 W/cm2. The energy absorbed by the Cu based MOD ink

increased with higher laser power and slower scan rate but the sintered

Cu MOD ink was not oxidized with increasing laser power. Time for

generating Cu from the Cu MOD ink was required in despite supplying

enough energy. Fig. 3(c) shows SEM image of sintered Cu MOD film.

As increasing laser power intensity, the morphology of Cu film became

more rough and porous. At 230 W/cm2, the Cu film looked flat but the

pore appeared and get larger size as power goes higher. This is because

at higher power density, the Cu MOD ink more tends to be aggregated

and formed larger size of particles. As shown in Fig. 3(c, iv), at 557 W/

cm2, the aggregated Cu particles shows in largest size compared to lower

power intensity. Also, the fact that the specific resistance was increased

with increasing porosity can be understood with this growing size of

porosity.20 In similar manner, in case of sintered Cu nanoparticle ink, the

specific resistance was increased with increasing intensity by oxidation

of Cu nanoparticle.14 However, Cu based MOD ink become aggregation

with increasing intensity because dried Cu based MOD ink is yet liquid.

4. Application as Flexible Current Collectors in a

Supercapacitor

The laser sintered MOD based Cu film on PI was explored as

current collector of supercapacitor. The organic electrolyte of 1 M

Fig. 2 Measured specific resistance of copper MOD film as function of laser scan rate at 230 W/cm2 in air with (b) XRD pattern of sintered ink

and (c) SEM images of Spin-coated Copper MOD ink; (i) before laser sintering; (ii) 1 mm/s; (iii) 2 mm/s; (iv) 4 mm/s; (v) 6 mm/s; (vi) 8 mm/s

Fig. 3 Measured specific resistance of copper MOD film as function of laser intensity at 4 mm/s scan rate in air with (b) XRD pattern and (c) SEM

image; (i) 230 W/cm2; (ii) 340 W/cm2; (iii) 430 W/cm2; (iv) 557 W/cm2
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TEATFB solved in PC and the activated carbon was applied as

capacitive materials were used. The activated carbon spread on the

carbon film via screen printing method, resulting in 1.5 mg of dried

carbon slurry with 1 × 1 cm2 of area (Fig. 4(c)). In addition, for

comparison, we conducted same experiment with the bulk Cu sheet.

Fig. 4(a) shows the Nyquist plots of the Cu MOD film and Cu sheet.

The impedance data can give the resistive behavior at high frequency

and the capacitive at low frequency.21 One can see the equivalent series

resistance (RESR) of each substrate showed 1.7 and 6.3 Ω for Cu sheet

and Cu MOD film, respectively (inset of Fig. 4(a)). This gap might come

from that the surface roughness (Rrms) of the Cu MOD film is 4 times

higher than that of Cu sheet (55 nm and 220 nm, respectively) as

depicted in AFM results in Fig. 4(d). Thus, the contact between activated

carbon and the Cu MOD film was mainly attributed to poor RESR value.

The effort to minimize surface roughness toward better performing

application should be investigated in next step. With considering lower

frequency in Nyquist plot, the slope of the Cu MOD film and Cu sheet

almost coincide with each other. This means that with Cu sheet the

capacitive behavior is expected to be similar, which is reasonable result

that they are composed of same capacitive materials. Also, cyclic

voltammetry was characterized with 0.1 V of voltage sweep rate and the

result is depicted in Fig. 4(b). Both Cu MOD film and Cu sheet showed

rectangular shape of CV curve,22 meaning our Cu film can offer suitable

supercapacitor behavior as a current collector. From this CV result, the

specific capacitances of both condition was calculated as 83 and 93 F/g

for Cu MOD film and Cu sheet respectively and these values are

comparable with the performance from other activated carbon based

supercapacitors.23 As a result, the laser-sintered Cu MOD film showed

acceptable capacitance compared to Cu sheet but somewhat inferior

resistive behavior means yet further optimization can be carried out.

5. Conclusions

The electrical behavior of sintered Cu film that heated at a few

milliseconds by laser in air was interpreted by analysis of morphology

and oxidation. The Cu particles have been generated by thermal

decomposition of Cu MOD using a laser in air, and it was sintered

without oxidation of Cu. The minimum specific resistance of laser

sintered Cu film under air showed 21 µΩcm which was 1.2 times

comparable to that of sintered Cu in N2 environment. Also, feasibility

of laser-sintered Cu MOD ink printed film was confirmed a through

current collector of supercapacitors after cyclic voltammetry and

impedance characterization.
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Fig. 4 The Nyquist plot (a) and cyclic voltammetry curve (b) of the supercapacitors fabricated with sintered copper MOD film current collector

and copper sheet current collector. The inset of (a) is magnified image of high frequency domain. (c) Photograph of copper film taken after laser

sintering on polyimide film and the inset image shows the activated carbon screen printed on the Cu film. (d) AFM images of sintered Cu MOD

film and Cu sheet and the surface roughness were measured as 240 nm and 55 nm, respectively
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