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Abstract The sintering of a silver (Ag) nanoparticle

film by laser beam irradiation was studied using a CW

DPSS laser. The laser sintering of the Ag nanoparticle

thin film gave a transparent conductive film with a

thickness of ca. 10 nm, whereas a thin film sintered by

conventional heat treatment using an electronic

furnace was an insulator because of the formation of

isolated silver grains during the slow heating process.

The laser sintering of the Ag nanoparticle thin film

gave a unique conductive network structure due to the

rapid heating and quenching process caused by laser

beam scanning. The influences of the laser sintering

conditions such as laser scan speed on the conductivity

and the transparency were studied. With the increase

of scan speed from 0.50 to 5.00 mm/s, the surface

resistivity remarkably decreased from 4.45 9 108 to

6.30 X/sq. The addition of copper (Cu) nanoparticles

to silver thin film was also studied to improve the

homogeneity of the film and the conductivity due to

the interaction between the oxidized surface of Cu

nanoparticle and a glass substrate. By adding 5 wt%

Cu nanoparticles to the Ag thin film, the surface

resistivity improved to 2.40 X/sq.

Keywords Silver nanoparticles � Copper

nanoparticles � Laser sintering � Conductive network

structure � Transparent conductive film

Introduction

Recently, solution processes using various kinds of

nano-materials are widely studied in the field of printed

and flexible electronics (Ko et al. 2007a; Parka et al.

2007; Jeong et al. 2011; Singh et al. 2010; Ko et al.

2010; Woo et al. 2009) because a new manufacturing

process which increases the productivity and reduces

the energy consumption compared to conventional

processes is desired. The reduction of environmental

impact is also an important issue in developing the new

manufacturing process. Metal nanoparticle is one of the

important materials which can be applicable in many

fields (Perelaer et al. 2006; Fuller et al. 2002;

Yonezawa 2009; Tamai et al. 2008; Ko et al. 2007b).

Inkjet printing technique using a metal nanoparticle ink

is most widely studied in the field of printed and

flexible electronics (Gamerith et al. 2007; Luechinger

et al. 2008; Murata et al. 2005). In the inkjet printing

process, metal nanoparticle-dispersed solution is jetted

out on a substrate from a printer nozzle to draw metal

nanoparticle micro-lines and the following heat treat-

ment converts the insulating deposits of metal nano-

particles to conductive wiring. The heat treatment to

sinter metal nanoparticles is conventionally carried out
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using an electric furnace. In the process, the heat

treatment of a whole substrate for several ten minutes is

necessary to obtain a conductive wiring pattern. Laser

processing has been applied to the sintering of metal

nanoparticles to shorten the process time. In the

previous papers, we have reported the silver (Ag)

microwiring on a flexible polymer film by laser direct

writing method using metal nanoparticle-dispersed ink

(Aminuzzaman et al. 2008a, b, 2010). The sintering

process by laser irradiation is efficient and fast process

(Watanabe et al. 2005, 2007, 2012, 2013). The laser

energy is efficiently absorbed by the plasmon reso-

nance of metal nanoparticle in visible region. The

confined energy in the thermally isolated metal nano-

particle with the size of several nanometers causes the

rapid temperature rise and the efficient conversion of

metal nanoparticles to a conductive metal film. The

high special resolution of the laser processing is also

advantageous compared to the conventional method.

The linewidth of the Ag microwiring can be controlled

flexibly by changing the objective lens characteristics,

and then submicron Ag wiring was achieved with an

objective lens with a high numerical aperture (N.A.)

value (Watanabe et al. 2005, 2009). The laser process-

ing has emerged as an attractive technique in micro-

electronics because of the fascinating features such as

high resolution, high degree of flexibility to control the

resolution and size of the micropatterns, high speed,

and a little environmental pollution (Choi et al. 2004;

Arnold et al. 2007; Piqué et al. 1999, 2008; Kim et al.

2004, 2007, 2010; Auyeung et al. 2009, 2011; Wang

et al. 2010). In this paper, we applied the laser sintering

to the fabrication of a transparent conductive metal film

using Ag nanoparticles. Although the formation of a

metal film with the thickness thinner than a few ten

nanometers is required to obtain a transparent conduc-

tive film, there are a few studies on the formation of a

transparent conductive film based on the solution

process using metal nanoparticles. One of the difficul-

ties in the formation of a thin metal film is the grain

growth during the deposition of film, which induces the

isolation of grains and the insulation of the film. In the

case of the sintering of a thin film from metal

nanoparticles using an electric furnace, the slow

sintering process causes the grain growth, and then an

island structure consisting of fused metal nanoparticles

is formed. The faster sintering process is necessary to

reduce the grain growth. Laser sintering is expected as

an effective method to reduce the grain growth and

enhance the conductivity of the film. Metal nanopar-

ticles show an intense absorption band in visible region

owing to the plasmon resonance. The laser irradiation

to the nanoparticle causes the rapid temperature rise

due to the efficient absorption of laser beam by the

plasmon resonance of the metal nanoparticle and the

confinement of the laser energy in thermally isolated

metal nanoparticle with the size of several nanometers.

The laser-irradiated metal nanoparticles work as a

nano-heater and cause the rapid sintering (Watanabe

et al. 2009).

Experimental

Materials

The Ag nanoparticle ink (Nanometal ink, Ag1T,

average particle size ca. 4 nm) and copper (Cu)

nanoparticle ink (Cu1T, average particle size ca.

4 nm) were purchased from ULVAC Technologies

Inc. (ULVAC Inc. 2014). The Nanometal ink is

produced by the gas evaporation method (gas-phase

condensation) where Ag nanoparticles are individu-

ally dispersed in an organic solvent such as toluene.

Nanoparticle surfaces were modified with organic

surfactants to prevent agglomeration during prepara-

tion (Oda et al. 1992, 2001; Atsuki et al. 2004). The

metal nanoparticle-dispersed films were prepared by

spin-coating of the metal nanoparticle ink on a glass

substrate at 2,000 rpm for 30 s and the obtained film

was dried by heating at 110 �C for 30 s before laser

irradiation.

Sintering

The diameter of the laser beam emitted from a CW

DPSS laser (1,064 nm, 5 W, TEM00 Gaussian mode,

CNI) was enlarged by a beam expander and then a

line-shaped beam was obtained through a cylindrical

lens. The experimental setup is illustrated in Fig. 1.

The line-shaped beam was introduced into an optical

microscope (BX-51M, OLYMPUS) and focused on

the precursor film through an objective lens. Figure 2

shows the optical microscope image of the line-shaped

beam during the scanning by PC-controlled xyz stage.

Judging from the color change of Ag nanoparticle film,

the length of the beam can be estimated to be ca.

400 lm. In the laser sintering experiments, the
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optimized laser power was determined observing the

change of the laser-irradiated area by the optical

microscope. With increasing the laser power, the

laser sintering took place above a critical laser power

which was in the region of 2.2–2.5 W depending on

the precursor film and the laser focusing conditions.

Judging from the optical microscope view of the

laser-irradiated area, the laser power of a minimum

necessary value to cause the laser sintering is around

2.2 W. Because the critical laser power caused the

instability in laser sintering, the laser power was set

to 2.5 W with a margin of safety to cause the laser

sintering. When the laser power was kept at 2.5 W,

the change in the morphology and the resistivity of

the laser-sintered film were not varied. The power

density of the line-shaped laser beam was estimated

to be 32 kW/cm2 based on the optical microscope

image of the laser beam as shown in Fig. 2. The

laser scan spacing is defined by the width

between laser scanning lines as shown in Fig. 2.

The influence of the laser scan spacing is discussed

in the latter section. The conventional sintering was

carried out using an electric furnace at the heating

rate of 20 �C/min.

Measurements

The surface morphology of the films was investigated

by a scanning electron microscope (SEM, XL30,

Philips Electronic N.V) and an analytical field emis-

sion SEM (FE-SEM SU6600, Hitachi). The surface

resistivity was measured by a four-point probe method

using a direct current voltage and current generator

(6241A, ADCMT). Transmittance spectra were

recorded by a UV–Vis/NIR spectrophotometer (V-

670, JASCO). The thickness of a film was determined

by interference method using a two beam interference

objective lens (CF IC EPI PLAN DI 50XA, Nikon)

Fig. 1 Experimental setup

of laser sintering

Fig. 2 Optical microscope

image of the line-shaped

laser beam during the

scanning by the PC-

controlled xyz stage and the

scanning direction of the

laser beam
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(Komatsu 1991). The simulation of the transmission

spectra of silver thin films was carried out by a thin

film analysis and design software (Film WizardTM,

SCI).

Results and discussion

Sintering of Ag nanoparticle film

The transmittances of silver thin films were simulated

based on the extinction coefficient and refractive

index. Figure 3 shows the simulated transmission

spectra of silver thin films whose thicknesses are in the

range of 2–20 nm. A high transmittance is shown in

the near UV region of 300 to 400 nm, where silver has

a minimum refractive index. On the other hand, the

transmittance decreases in the visible region with

increasing the refractive index of silver and the

thickness depending on the extinction coefficient at

each wavelength. The surface resistivity of the trans-

parent film in the practical use is required to be around

10 X/sq. The surface resistivity of the silver thin film

with the thickness of 2 nm can be estimated to be

8.00 X/sq if the volume resistivity is assumed to be

1.6 9 10-6 X cm similar with the value of bulk

silver. The surface resistivities of the all films

simulated in Fig. 3 are low enough; however, the

problem is the transparency in the visible region. To

obtain transparency higher than 60 % at 550 nm, the

thickness should be lower than 10 nm.

There are very few reports on the formation of a

silver thin film by solution process. The thin film

formation by the sintering of Ag nanoparticles has a

problem of the grain formation. During the sintering of

the nanoparticles, the grain growth is caused by the

fusion and aggregation of Ag nanoparticles, which

lead to a discontinuous island structure. The SEM

image of the Ag nanoparticle film from 5 wt% toluene

solution after heat treatment at 300 �C for 30 min in

air is shown in Fig. 4. Although the film showed

metallic color and high reflectance, the insulation was

observed due to the discontinuous island structure.

The grain growth must be caused by the slow sintering

process by conventional heat treatment using an

electronic furnace. The sintering time remarkably

influenced the grain growth and the morphology.

Figure 5 shows the SEM images of Ag nanoparticle

films from 5 wt% solution after heat treatment at

250 �C for 5 and 10 min, where the sintering temper-

ature was also lowered to reduce the grain growth.

When the sintering time was shortened to 5 min, the

shape of grains was not spherical as shown in Fig. 5a.

With the increase of the sintering time to 10 min, the

grain became spherical one as shown in Fig. 5c. The

shape change of the grain was more clearly observed

by the 45� tilt view. The SEM image of the film

sintered for 5 min indicated the flat surface contact of

grains with the surface of the substrate (Fig. 5b). On

the other hand, the point contact of spherical grains

with the substrate was observed as shown in Fig. 5d.

The image of the grain growth and the influence of the

sintering time are illustrated in Fig. 6. It was difficult

to form a continuous sintered film even if the sintering

time and temperature were decreased in the case of the

Fig. 3 Simulated transmission spectra of silver thin films
Fig. 4 SEM image of Ag nanoparticle film from 5 wt% Ag

nanoparticle solution after heat treatment at 300 �C for 30 min

in air
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conventional heat treatment. The films sintered at

250 �C for 5 and 10 min were insulators.

The reduction of the grain growth is expected by

applying the laser sintering because the advantage of

the laser sintering is the faster processing time

compared to conventional methods. One of the factors

to control the sintering of Ag nanoparticle film is the

scan speed of laser beam. The surface resistivities of

Ag nanoparticle laser-sintered films under different

scan speeds are summarized in Table 1. With the

increasing scan speed from 0.50 to 5.00 mm/s, the

surface resistivity remarkably decreased from

4.45 9 108 to 6.30 X/sq. Both the films have an

average thickness ca. 10 nm after laser sintering,

which was determined by interference method using a

two beam interference objective lens. The laser

Fig. 5 SEM images of Ag nanoparticle films from 5 wt% Ag

nanoparticle solution after heat treatment in air. a Top image

after 5 min heating at 250 �C, b 45� tilt view after 5 min heating

at 250 �C, c top image after 10 min heating at 250 �C, d 45� tilt

view after 10 min heating at 250 �C

Fig. 6 Image of grain

formation during the

sintering of metal

nanoparticles by

conventional heat treatment

using an electric furnace
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sintering with the scan speed of 6.00 mm/s also gave a

film with a low surface resistivity of 5.98 X/sq. The

difference of the resistivity can be explained by the

morphological difference of the films as shown in

Fig. 7. The Ag film with the higher surface resistivity

has an island structure as shown in Fig. 7a. On the

other hand, the lower surface resistivity film prepared

under the higher laser scan speed showed a network

structure consisting of continuous branched silver

micropatterns and holes. The formation of such a

unique conductive network structure must be due to

the rapid heating and quenching process caused by

laser irradiation and the rapid scanning. The non-

equilibrium process reduced the grain growth and

inhibited the formation of discontinuous island

structure.

The transmission spectra of the Ag nanoparticle

films after sintering are shown in Fig. 8. In the case of

conventional heat treatment, the lowest Ag nanopar-

ticle concentration of spin-coating solution which

gives a conductive silver thin film after sintering is ca.

10 wt%. The transparency of the film in visible region

is lower than 10 % as shown in Fig. 8a. With the

decreasing concentration from 10 to 5 wt%, the

transparency increased as shown in Fig. 8b, however,

the film was almost an insulator. On the other hand, the

laser sintering of the Ag nanoparticle film from 5 wt%

solution gave a conductive film as shown in Table 1

and then showed high transparency in the UV region.

The transparency in visible region also increased

higher than 20 %.

The laser scan spacing during the laser sintering as

defined by Fig. 2 also influenced the surface resistivity

significantly. As shown in Fig. 2, the length of the

line-shaped beam is ca. 400 lm, there are overlap-

pings between laser scan lines. In these experiments,

Table 1 Influence of laser scan speed on the resistivity. Laser

power: 2.5 W, scan spacing: 50 lm

Precursor film Scan

speed

(mm/s)

Surface resistivity

(X/sq) after laser

sintering

Thickness

(nm)

Ag nanoparticle

film from 5

wt% sol.

0.50 4.45 9 108 11.5

Ag nanoparticle

film from 5

wt% sol.

5.00 6.30 8.5

Fig. 7 SEM images of Ag nanoparticle films from 5 wt% solution after laser sintering. Scan speed: a 0.50 and b 5.00 mm/s
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the scan speed was set to 0.5 mm/s, which is the con-

dition similar to that of the high resistivity film in

Table 1, to emphasize the influences of scan spacing

on the surface resistivity. The images of laser beam

scanning with different scan spacings of 50, 100, 200,

and 300 lm where the length of line-shaped beam is

400 lm are schematically illustrated in Fig. 9. When

the scan spacing is 50 lm, the line-shaped laser beam

scans on the same area 8 times because the width of the

first scan line is 400 lm and the shift of the laser beam

at the next scan is 50 lm. By the estimation based on

the length of the line-shaped beam (400 lm) and the

scan spacing, the numbers of scan times on the same

area with the scan spacing of 50, 100, and 200 lm are

8, 4, and 2, respectively, as shown in Fig. 9. When the

scan spacing is 300 lm, the overlapping width of the

first scan with the next scan is 100 lm and the

overlapping is partial at the both side of the laser-

scanned line as shown in Fig. 9d.

Table 2 shows the influences of scan spacing on the

surface resistivity of Ag films. The surface resistivity

decreased with increasing in the scan spacing. The

lowest surface resistivity of 12.2 X/sq was obtained

with the scan spacing of 300 lm. When the scan

spacing decreased from 300 to 200 lm, the surface

resistivity remarkably increased to be 3.23 9 103 X/sq.

The morphological changes caused by the overlapping

of laser-irradiated lines were investigated as shown in

Fig. 10, where the laser beam was scanned on the

same line by changing the overwrite time. In the

experiments, the scan speed was set to 1.00 mm/s to

emphasize the influences of overwrite time on the

morphological changes. With increasing the overwrite

time, the SEM image showed the narrowing of the

network structure and the decreasing of the contacting

points. Such morphological changes caused by multi-

ple scan of laser beam explain the increase of the

surface resistivity with decreasing in the scan spacing.

Fig. 8 Transmission spectra of silver thin films. a Ag nano-

particle film from 10 wt% solution after heat treatment at 300 �C

for 30 min in air, b Ag nanoparticle film from 5 wt% solution

after heat treatment at 300 �C for 30 min in air, and c Ag

nanoparticle film from 5 wt% solution after laser sintering (scan

speed: 5.00 mm/s, scan spacing: 50 lm, laser power: 2.5 W)

Fig. 9 Images of laser

beam scanning with

different scan spacing of

a 50, b 100, c 200, and

d 300 lm. Length of line-

shaped beam: 400 lm
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Influences of the addition of Cu nanoparticles

To increase the transparency in the visible region, the

further decrease of film thickness is necessary; how-

ever, the lowest limit of the Ag nanoparticle concen-

tration of the spin-coating solution which gives a

conductive thin film is ca. 5 wt% even by the laser

sintering. The film from 3 wt% solution showed

insulation after laser sintering. As one of the factors to

reduce the grain growth and increase the homogeneity

of a silver thin film, the interaction between a silver

layer and a substrate can be considered. Cu nanopar-

ticles were added to the Ag nanoparticle solutions to

enhance the interaction, and then Cu-doped Ag

nanoparticle films were prepared by spin-coating. In

the case of the Cu nanoparticle, the partial oxidation of

the nanoparticle is caused by the sintering in air. In

previous paper, we have studied the laser sintering of

Cu nanoparticle film in air (Watanabe et al. 2007). A

conductive Cu thin film can be prepared by laser

sintering, although the film sintered by conventional

heat treatment in air was almost an insulator. The

conductivity of the laser-sintered Cu thin film

depended on the laser scan speed, where the higher

conductive film was obtained with the higher scan

speed. This result could be explained by considering

the competing processes, oxidation and fusion of Cu

nanoparticles. The scan speed dependence of the

conductivity also suggests that the surface of the Cu

nanoparticle is oxidized even by the laser sintering.

When such a partially oxidized Cu nanoparticles are

doped in the Ag thin film, the interaction between the

copper oxide and hydroxyl groups of a glass substrate

can be expected as illustrated in Fig. 11.

Figure 12 shows the SEM images of Cu-doped Ag

nanoparticle films from 5 wt% solution (Ag/Cu = 95/

5) after laser sintering by changing the scan spacing of

the laser beam. The surface resistivities of the films are

summarized in Table 3. By adding Cu nanoparticles to

the Ag thin film, the surface resistivity was lowered to

2.40 X/sq. As shown in Fig. 12c, the SEM image of

the film with the lowest resistivity shows a dense

Table 2 Influences of scan spacing on the surface resistivity

of Ag films. Laser power: 2.5 W, scan speed: 0.50 mm/s

Precursor film Scan

spacing

(lm)

Surface resistivity

(X/sq) after laser

sintering

Ag nanoparticle film

from 5 wt% sol.

50 4.45 9 108

Ag nanoparticle film

from 5 wt% sol.

100 7.43 9 107

Ag nanoparticle film

from 5 wt% sol.

200 3.23 9 103

Ag nanoparticle film

from 5 wt% sol.

300 12.2

Fig. 10 SEM images of Ag nanoparticle films from 5 wt%

solution after laser sintering. Scan speed: 1.00 mm/s, laser

power: 2.5 W, overwrite time: a 1, b 2, and c 3
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network structure compared with that of the pure Ag

thin film as shown in Fig. 7. In addition, the depen-

dence of the morphology on the scan spacing is not

remarkable. Even with the narrowest scan spacing of

laser beam (50 lm), the network structure was con-

tinuous and the surface resistivity was low enough

(26.7 X/sq) although the pure Ag thin film gave a high

surface resistivity by laser sintering with the same scan

spacing (50 lm) as shown in Table 2. Such improve-

ment of the conductivity can be explained by consid-

ering the increase of the interaction between the

partially oxidized Cu nanoparticles and a glass sub-

strate as illustrated in Fig. 11. The chemical structure

of the Cu-doped Ag film was studied by micro-Raman

spectroscopy. The typical Raman band assigned to

oxides was observed as shown in Fig. 13. The Raman

bands of Cu2O (297, 411, 492, 633, and 786 cm-1)

and CuO (250, 300, 347, and 635 cm-1) have been

reported (Hamilton et al. 1986; Maoa et al. 2012).

Figure 14 shows the transmission spectra of Cu-

doped Ag nanoparticle films from 5 wt% solution (Ag/

Cu = 95/5) after laser sintering. The film as shown in

Fig. 14a shows the highest transparency in the visible

region, which can be attributed to the network
Fig. 11 Image of the enhancement in the interaction between

Ag nanoparticles and a glass substrate by adding Cu nanopar-

ticles during sintering

Fig. 12 SEM images of Cu-doped Ag nanoparticle films from 5 wt% solution (Ag/Cu = 95/5) after laser sintering. Scan speed:

5.00 mm/s, laser power: 2.5 W, scan spacing: a 50, b 100, and c 300 lm

Table 3 Influences of scan spacing on the resistivity of the

Cu-doped Ag films. Laser power: 2.5 W, scan speed: 5.00 mm/s

Ag/Cu

in film

Total wt% of

nanoparticles in spin-

coating solution

Line

spacing

(lm)

Surface

resistivity

(X/sq)

95/5 5 50 26.7

95/5 5 100 2.67

95/5 5 300 2.40
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structure consisting of an island structure and holes.

The laser sintering of the Cu-doped Ag nanoparticle

films prepared from the further lower nanoparticles

concentration was carried out and the conductivities

are summarized in Table 4. The concentration could

be decreased to 3.0 wt% keeping the surface resistivity

lower than 10 X/sq with increasing the weight ratio of

Cu nanoparticles to 15 % (Ag/Cu = 85/15). In the

experiments, the scan speed of the laser beam was set

to 2.0 mm/s because the sintering did not take place at

the higher scan speed (5.0 mm/s) due to the lower

absorption of laser energy by the thinner precursor

film. The transparency of the film was increased higher

than 20 % in the visible region as shown in Fig. 15,

whereas the transparency in the UV region is lower

than that of a pure Ag film, which can be attributed to

the absorption of copper.

Conclusions

Laser sintering was an effective method to fabricate a

conductive thin film by a wet process using Ag

nanoparticle ink. The scan of the line-shaped laser

beam (CW DPSS laser, 1,064 nm) on the Ag nano-

particle film gave a conductive thin film with a unique

network structure. The laser-sintered Ag thin film

showed a high transparency in UV region. The scan

speed of the laser beam remarkably influenced the

morphology and the conductivity of the laser-sintered

thin film. With increasing the scan speed from 0.50 to

5.00 mm/s, the surface resistivity decreased from

4.45 9 108 to 6.30 X/sq. The addition of Cu nano-

particles to Ag thin film was also studied to improve

Fig. 13 Raman spectrum of Cu-doped Ag nanoparticle film

from 5 wt% solution (Ag/Cu = 95/5) after laser sintering. Scan

speed: 5.00 mm/s, laser power: 2.5 W, scan spacing: 300 lm

Fig. 14 Transmission spectra of Cu-doped Ag nanoparticle

films from 5 wt% solution (Ag/Cu = 95/5) after laser sintering.

Scan speed: 5.0 mm/s, laser power: 2.5 W, scan spacing: a 50,

b 100, and c 300 lm

Table 4 Influences of Cu content on the resistivity of the Cu-

doped Ag films. Laser power: 2.5 W, scan speed: 2.00 mm/s,

scan spacing: 200 lm

Total nanoparticle

concentration (wt%) in

spin-coating solution

Ag/Cu

in film

Surface

resistivity

(X/sq)

4.0 95/5 17.5

3.0 95/5 3.85 9 105

3.0 85/15 5.85

Fig. 15 Transmission spectra of Cu-doped Ag nanoparticle

films from after laser sintering. Scan speed: 2.00 mm/s, laser

power: 2.5 W, scan spacing: 200 mm. Total nanoparticle

concentration (wt%) in spin-coating solution and the Ag/Cu

ratio are a 4.0 and 95/5, b 3.0 and 95/5, c 3.0 and 85/15,

respectively
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the homogeneity of the film and the conductivity based

on the interaction between the oxidized Cu nanopar-

ticle and a glass substrate. By adding Cu nanoparticles

to the Ag thin film, the surface resistivity was lowered

to 2.40 X/sq.
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A (2011) Laser forward transfer based on a spatial light

modulator. Appl Phys A Mater Sci Proc 102(1):21–26

Choi TY, Poulikakos D, Grigoropoulos CP (2004) Fountain-

pen-based laser microstructuring with gold nanoparticle

inks. Appl Phys Lett 85(1):13–15

Fuller SB, Wilhelm EJ, Jacobson JM (2002) Ink-jet printed

nanoparticle microelectromechanical systems. J Micro-

electromech Syst 11(1):54–60

Gamerith S, Klug A, Scheiber H, Scherf U, Moderegger E, List

EJW (2007) Direct ink-jet printing of Ag–Cu nanoparticle

and Ag-precursor based electrodes for OFET applications.

Adv Func Mater 17(6):3111–3118

Jeong S, Song HC, Lee WW, Lee SS, Choi Y, Son W, Kim ED,

Paik CH, Oh SH, Ryu BH (2011) Stable aqueous based Cu

nanoparticle ink for printing well-defined highly conductive

features on a plastic substrate. Langmuir 27(6):3144–3149

Hamilton JC, Farmer JC, Anderson RJ (1986) In situ raman

spectroscopy of anodic films formed on copper and silver

in sodium hydroxide solution. J Electrochem Soc

133(4):739–745

Kim H, Kushto GA, Arnold CB, Kafa ZH, Piqué A (2004) Laser
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