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Ag-coated Cu flakes, several micrometres in size, were fabricated by electroless Ag plating using
various complexing and reducing agents to prevent oxidation of Cu flakes, used as a filler material
in conductive pastes, during curing in air at <200 �C. The surface morphology and the roughness of
the samples depended on the complexing and the reducing agents used. X-ray photoelectron spec-
troscopy analysis indicated that surface oxidation of Cu by ammonium hydroxide occurs during the
Ag plating process, resulting in the formation of needle-shaped particles comprising copper oxide
on the surface of Ag-coated Cu flakes. The electrical resistivities of isotropic conductive pastes
containing Ag-coated Cu flakes prepared using ammonium hydroxide/potassium L-tartrate, ammo-
nium hydroxide/succinimide, and ethylene diamine tetraacetic acid were 2.8×10−3, 2.5×10−3, and
6.1×10−4 � · cm, respectively. Ammonium hydroxide oxidizes the flakes during Ag plating to form
slight oxide phases on its surface, thereby decreasing the electrical conductivity of the conductive
paste.

Keywords: Ag-Coated Cu, Electroless Silver Plating, Complexing Agent, Reducing Agent,
Electrical Resistivity.

1. INTRODUCTION

Isotropic conductive pastes (ICPs) have become an indis-

pensable assembly material in microelectronics manufac-

turing as using them involves simple processing methods

and low processing temperatures.1–6 In addition, the use of

ICPs is expected to increase further with the continuous

expansion of reel-to-reel manufacturing of next-generation

flexible electronics.7–11 Typical ICPs are composed of resin

matrices (resin formulations) and electrically conductive

fillers. Ag flake is conventionally used as a filler material

owing to its excellent electrical, contact, and anti-oxidation

properties.12–16 However, the high material cost of Ag is

one of the main factors that limit the wide use of ICPs in

microelectronics.

Ag-coated Cu fillers have been considered as one of

the most promising low-cost electrically conductive fillers,

and they have been widely investigated since Cu has an

electrical conductivity similar to that of Ag.17�18 Cu acts

as a low-cost core material and the Ag coating functions

as an anti-oxidation layer and the contact surface. The Ag
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coating layers are conventionally fabricated by electroless

plating.19�20

The use of Ag-coated Cu fillers at curing temperatures

below 200 �C and studies to achieve a low electrical resis-

tivity have been reported in the literature.16�19�21–23 Zhang

et al. succeeded in reducing the electrical resistivity of

a cured ICP strip from 1.3× 10−3 to 2.4× 10−4 � · cm
by using Ag-coated Cu flakes surface-treated with an

amine-based silane coupling agent.23 Nishikawa et al. also

reported an electrical resistivity of approximately 1.5×
10−4 � · cm by using Ag-coated Cu spheres with a diam-

eter of 5 �m and presented the effects of the shape and

the surface morphology of filler particles on the electrical

resistivity.16 Although the surface modification by chem-

ical treatments and filler particle shape are crucial fac-

tors affecting the electrical resistivity of ICP containing

Ag-coated Cu fillers, the Ag electroless plating method is

also expected to influence the resistivity eventually as it

determines the quality of the Ag shell. Therefore, in this

study, the properties of Ag shells were characterized after

the preparation of Ag-coated Cu flakes using three differ-

ent combinations of complexing and reducing agents. Fur-

thermore, the effect of surface properties of the Ag-coated
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Cu flakes on the electrical conductivity of cured films

containing the Ag-coated Cu flakes were studied, and the

results indicated that Ag-coated Cu filler material exhibits

excellent electrical properties.

2. EXPERIMENTAL DETAILS

To remove the surface oxide layer on the as-received Cu

flake, a solution was prepared by dissolving 0.15 M ammo-

nium hydroxide (NH4OH, 28.0–30.0% NH3 basis, Sigma-

Aldrich) and 0.0375 M ammonium sulphate ((NH4�2SO4,

>99%, Sigma) in 100 mL distilled water. Then, 3 g of

Cu flakes (D50: 4.9 �m, Duksan Hi-Metal Co., Ltd.) was

added to this solution, and the mixture was stirred for

2 min using a magnetic bar. After sedimentation of the Cu

flakes, the supernatant was discarded, and the remnant Cu

flakes were washed with distilled water four times.

Plating solutions were prepared using different methods.

In one method, the 3 g of Cu flakes obtained according

to the above-mentioned procedure was added to 95 mL

of aqueous solution containing 5 mL ammonium hydrox-

ide/0.2 M potassium L-tartrate (C4H5KO6, 99%, Sigma-

Aldrich). Henceforth, this solution is referred to as the

plating solution. An Ag precursor solution was prepared

by dissolving 50 mM of silver nitrate (AgNO3, >99.8%

Daejung Chemicals and Metals Co., Ltd.) in 5 mL ammo-

nium hydroxide. The amount of AgNO3 was selected to

obtain Ag-coated Cu flakes with 15 wt% Ag. Finally, the

Ag precursor solution was added to the plating solution

containing Cu flakes under constant stirring. The mixture

was stirred for 20 min. The Ag-coated Cu flakes obtained

were rinsed using distilled water and ethanol and dried in

a low-vacuum chamber for 10 h.

In another method, the 3 g of Cu flakes obtained was

added to 100 mL of distilled water. Ag precursor solu-

tions were prepared either by dissolving 50 mM of silver

nitrate and 16.9 M succinimide (C4H5NO2, 100%, Sigma-

Aldrich) in 5 mL ammonium hydroxide or by dissolving

50 mM of silver nitrate, 0.6 M ethylene diamine tetraacetic

acid (EDTA, C10H16N2O8, 98.5%, Daejung Chemicals &

Metals Co., Ltd.), and 2.5 M NaOH (99%, Sooshin Chem-

ical) in 100 mL distilled water. The Ag precursor solutions

were added to the solution containing Cu flakes under

constant stirring. The mixtures prepared using ammonium

hydroxide/succinimide and EDTA were stirred for 60 and

10 min, respectively. Ammonium hydroxide was used for

dissolving potassium L-tartrate or succinimide in distilled

water, as it was insoluble otherwise.

The surface morphology of the dried Ag-coated

Cu flakes was examined using scanning electron

microscopy (SEM, JSM-7500F, JEOL Ltd.; VEGA3,

Tescan). To examine the chemisorbed species and the

oxidation state of the surface of Ag-coated Cu flakes,

Fourier-transform infrared spectroscopy (FT-IR) and

X-ray photoelectron spectroscopy (XPS) were employed.

The resistivity of the ICPs was calculated from the

bulk resistance of the film pattern of specific dimen-

sions. The ICP was prepared using a mixture of

epoxy (bisphenol-A type liquid epoxy resin diluted with

aliphatic glycidyl ether, YD-114; epoxide equivalent

weight: 190–210; Kukdo Chemical Co., Ltd.), curing agent

(imidazole, CUREZOL 2E4MZ, Shikoku Chemicals Co.),

and 69.8 wt% of Ag-coated Cu flakes. It was printed on

a glass slide through a stencil mask with a slit volume of

10×10×1 mm3 using a squeegee. The ICP pattern filled

with the Ag-coated Cu flakes was completed by curing the

mixture in air at 150 �C for 2 h. The resistance (R) of the
cured ICP pattern was measured with a four-point probe

linked to a source meter (2400, Keithley). The total dis-

tance between the probes set at an interval of 1 mm was

3 mm. The resistivity � was calculated from the equation

� = (Rtw)/l, where t, w, and l are the thickness, width,

and length of the pattern, respectively.

3. RESULTS AND DISCUSSION

Figure 1 shows the SEM images of the Ag-coated Cu

flakes prepared using different plating solutions. The

Ag-coated Cu flakes prepared with the plating solu-

tion containing ammonium hydroxide/potassium L-tartrate

exhibit several holes on the surface with some of the

flakes losing the initial shape (Fig. 1(a)). The sam-

ple prepared with the solution containing ammonium

hydroxide/succinimide (Fig. 1(b)) exhibits relatively lesser

number of holes and lower surface roughness as compared

to the sample prepared with the solution containing ammo-

nium hydroxide/potassium L-tartrate. Ag-coated Cu flakes

with a smooth surface were obtained using the solution

containing EDTA (Fig. 1(c)). These results indicate that

the additives in the plating solution affect the surface mor-

phology of the Ag-coated Cu flakes.

The changes in the number of holes on the Ag-coated

Cu flake surfaces as seen in Figure 1 can be attributed to

the addition of ammonium hydroxide in the plating solu-

tion. Ammonium hydroxide is commonly used to remove

oxide or hydroxide (Cu2O, Cu(OH)2� layer on the surface

of Cu flakes using the following reactions:24–26

Cu2O+4NH3+H2O→ 2Cu�NH3�
2+ +2OH− (1)

Cu�OH�2+4NH4OH→ �Cu�NH3�4	�OH�2+4H2O (2)

As per reactions (1) and (2), the thin oxide or hydrox-

ide layer present on the Cu flakes is completely removed

on pretreatment with ammonium hydroxide, resulting in

pure Cu surfaces. However, ammonium hydroxide also

takes part in a side reaction, forming oxides or hydrox-

ides on pure Cu surface. When the pure Cu surface is

exposed to ammonium hydroxide, Cu2O or Cu(OH)2 phase

can be formed on the surface according to the following

reactions.27–29

2Cu+2OH− → Cu2O+H2O+2e− (3)

Cu+2OH− → Cu�OH�2+2e− (4)
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Fig. 1. Low-magnification SEM images of the Ag-coated Cu flakes pre-

pared using different additives during the plating process: (a) Ammonium

hydroxide/potassium L-tartrate, (b) ammonium hydroxide/succinimide,

and (c) EDTA.

These oxides or hydroxides would inhibit the galvanic dis-

placement reaction between Cu atom and the Ag complex

ion (Ag(NH3�
2+� formed with Ag and ammonium ions and

accelerate the formation of individual or nodule-shaped

Ag nanoparticles instead of Ag plating layers during the

reduction of the Ag complex ion. Hence, smooth Ag coat-

ing layers on the Cu flake surfaces cannot be achieved.

Ammonium hydroxide in the plating solution can remove

the formed oxide and hydroxide again; therefore, reforma-

tion and removal of Cu2O and Cu(OH)2 on the surface of

the Cu flakes would occur repeatedly until all the ammo-

nium hydroxide is eliminated. This process results in the

formation of holes.30 Thus, the plating solution contain-

ing ammonium hydroxide causes the formation of holes

on the Cu flakes during plating, and the number of holes

increases with an increase in the ammonium hydroxide

concentration and the plating time.

Figure 2 shows the high-magnification SEM images of

the Ag-coated Cu flakes prepared using different plating

solutions. Many tiny needle-shaped particles are observed

on the surface of the Ag-coated Cu flakes prepared with

the Ag plating solution containing ammonium hydrox-

ide/potassium L-tartrate (Fig. 2(a)), indicating the for-

mation of relatively rough surfaces. In the case of the

samples prepared using the plating solution containing

ammonium hydroxide/succinimide (Fig. 2(b)), less number

of needle-shaped particles and decreased surface rough-

ness are observed as compared to the sample prepared with

the solution containing ammonium hydroxide/potassium

L-tartrate. Needle-shaped particles are not observed on the

surface of the Ag-coated Cu flakes obtained using the solu-

tion containing EDTA (Fig. 2(c)), resulting in the forma-

tion of a compact and smooth Ag coating layer. Overall,

the number of needle-shaped particles increases with an

increase in the ammonium hydroxide concentration.

Fig. 2. High-magnification SEM images of the Ag-coated Cu flakes

prepared using different additives during the plating process: (a) Ammo-

nium hydroxide/potassium L-tartrate, (b) ammonium hydroxide succin-

imide, and (c) EDTA.
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The FT-IR spectra of the Ag-coated Cu flakes pre-

pared using different plating solutions were recorded for

examining the chemisorbed species on the surface of the

Ag-coated Cu flakes and identifying the composition of the

needle-shaped particles; the results are shown in Figure 3.

Peaks are observed in the range of 3421–3438 cm−1

for all the samples, which could be attributed to OH

stretching vibrations due to moisture absorbed on the sur-

face of Ag-coated Cu flakes.31–33 A peak is observed at

1628 cm−1, which corresponds to OH bending mode aris-

ing from moisture on the surface.31–33 In the fingerprint

region, different minor peaks of additives are observed for

different samples. However, the intensities of the peaks are

very low to identify the additives absorbed on the surface.

The peaks observed at 2860 and 2930 cm−1 for all the

samples correspond to symmetrical and asymmetrical CH2

stretching vibrations, respectively, implying the presence

of traces of additives on the surface.34–36 The intensities

of these peaks are also very low to confirm absorption

by additives. Thus, the tiny needle-shaped particles on the

Ag-coated Cu flakes could not be characterized by the

FT-IR measurements.

To obtain more information about the surface compo-

sition of the Ag-coated Cu flakes, XPS measurements

were performed. The Cu 2p3/2 XPS spectrum is shown

in Figure 4. Regardless of the type of additives used, all

the samples exhibit peaks at 932.6, 932.8, and 934.6 eV,

corresponding to the zero-valent Cu, Cu+(Cu2O), and

Cu2+(CuO), respectively.37–44 The broad peaks at 942.34

and 944.52 eV correspond to the Cu2+ satellite peak.45–47

These satellite peaks result from charge transfer transitions

from ligands (O2− ions for CuO) into the unfilled (d9�

valence level of a Cu2+ ion.46�48 For Cu+ ion with a

filled (d10� ground state configuration, such transitions

cannot occur and satellite peaks are not observed.

Fig. 3. FT-IR spectra of the Ag-coated Cu flakes prepared using differ-

ent plating solutions.

Fig. 4. XPS spectra of the Ag-coated Cu flakes prepared using different

plating solutions.

To investigate the surface oxidation state, the integrated

intensity of each peak and related information were exam-

ined, and the results are presented in Table I. We calculated

the ratio of pure Cu to Cu oxide (integrated intensity of

zero-valent Cu peak/integrated intensity of Cu oxide peak,

ICu/ICu oxide� using the equation:

ICu
ICu oxide

= ICu0

ICu2+ + ICu+
(5)

where ICu0 , ICu2+ , and ICu+ represent the integrated inten-

sities of zero-valent Cu, Cu2+, and Cu+, respectively. The
ICu/ICu oxide ratios for samples prepared with potassium

L-tartrate, succinimide, and EDTA, were 0.05, 0.14, and

0.38, respectively. This indicates that surface oxidation by

ammonium hydroxide occurs during the Ag plating pro-

cess with the addition of potassium L-tartrate or succin-

imide. Moreover, the degree of surface oxidation increases

with an increase in the ammonium hydroxide concen-

tration. Therefore, the needle-shaped particles observed

on the surface of Ag-coated Cu in the SEM images in

Figures 2(a) and (b) are expected to consist of Cu oxide

phases. When EDTA was used, ammonium hydroxide was

not included in the Ag plating solution; in this case, the

oxidation of Cu would decelerate and the amount of non-

oxidized Cu would increase, as shown in Figure 4 and

Table I.

Figure 5 shows the electrical resistivities of the cured

films of the ICPs filled with the Ag-coated Cu flakes pre-

pared using different plating solutions. The bulk resis-

tivities of the ICPs filled with the Ag-coated Cu flakes

Table I. Integrated intensities of XPS peaks of the Ag-coated Cu flakes

prepared using different additives and related information.

Additive ICu2+ ICu1+ ICu0 ICu0 /�ICu2+ + ICu1+ �

Potassium L-tartrate 5427 1949 388 0.05

Succinimide 902 2545 503 0.14

EDTA 1989 1488 1353 0.38
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Fig. 5. Electrical resistivities of the cured films of ICPs filled with the

Ag coated Cu flakes prepared using different plating solutions.

prepared using potassium L-tartrate, succinimide, and

EDTA are approximately 2.8×10−3, 2.5×10−3, and 6.1×
10−4 � · cm, respectively. Hence, the electrical conduc-

tivity of pastes containing metal particles depends on the

surface oxidation state of the conductive particles as well

as the surface defects on the conductive particles, such

as holes. If oxides with no or low electrical conductiv-

ity are present on the surface of the conductive particles,

the electrical conductivity of the conductive paste reduces,

because electrical conduction is accomplished by contact

between the conductive particles. The presence of ammo-

nium hydroxide in the plating solution leads to the forma-

tion of defects and huge Cu oxide particles on the surface

of Ag-coated Cu flakes during Ag plating. Hence, the elec-

trical resistivities of the ICPs filled with the Ag-coated Cu

flakes prepared using potassium L-tartrate and succinimide

are relatively high. Further, defect formation and Cu oxi-

dation on the surface of flakes are suppressed when EDTA

is added to the plating solution. Therefore, the electrical

resistivity of the ICP containing Ag-coated Cu flakes fab-

ricated using EDTA is relatively low.

4. CONCLUSION

The surface morphology and the roughness of Ag-coated

Cu flakes after Ag plating were found to depend strongly

on the type of complexing and reducing agents used. X-ray

photoelectron spectroscopic analysis of the Ag-coated Cu

flakes indicated that surface oxidation of Cu occurs with

the addition of ammonium hydroxide during the Ag plat-

ing process. In addition, the oxidation degree increased

with an increase in the ammonium hydroxide concen-

tration, and the needle-shaped particles observed on the

surface of the Ag-coated Cu flakes consisted of Cu

oxide phases. The electrical resistivities of the cured films

of isotropically conductive paste containing Ag-coated

Cu flakes prepared using ammonium hydroxide/potassium

L-tartrate, ammonium hydroxide/succinimide, and EDTA

were 2.8 × 10−3, 2.5 × 10−3, and 6.1 × 10−4 � · cm,

respectively. The paste containing Ag-coated Cu flakes

prepared using EDTA, in the absence of ammonium

hydroxide, exhibited the lowest resistance value as the for-

mation of Cu oxide was suppressed.
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