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Abstract Silver nanorods have been successfully syn-

thesized in high yield by a polyol process in the presence of

FeCl3. The yield and morphology of the silver particles

from these conditions were dependant on the concentration

of FeCl3, and the molar ratio of the capping agent to

AgNO3. The optimized conditions for the synthesis of the

nanorods were: 20 lM of FeCl3 and a molar ratio of 1.8:1

of capping agent to AgNO3. The nanorods produced were

used to form a silver layer at 400 �C with a low electrical

resistivity of 6.1 9 10-6 X cm. The silver layer was

applied as die-attachment films to connect a SiC chip to a

copper substrate. This formed a porous structure, which

was evaluated for structure and strength.

1 Introduction

The design and selection of die-attach material has become

critical to ensure device robustness and reliability in the

modern electronics industry due to the need to improve

cost-efficiency, fastness and miniaturization. Die-attach

materials can also be used to do more than simply attach

the die to the die pad, substrate, or cavity. They can also

provide a good thermal and/or electrical connection

between the die and the package, affecting the performance

of the devices while operating in commercial and domestic

electric appliances. Thus, materials with better electrical,

thermal and thermomechanical properties for semicon-

ductor products need to be developed. Among those new

materials, silver-based attachment pastes are excellent

candidates due to their high thermal and electrical con-

ductibility [1–4]. However, the high sintering temperature

([500 �C) of the current commercial silver pastes makes

them unsuitable for interconnections in semiconductor

devices. On the other hand, nanoscale materials are known

to sinter at lower temperatures due to their larger surface

areas [5, 6]. Therefore, a nanoscale silver paste has the

potential to be a lead-free, low temperature sintering, high-

performance die-attach material that would be especially

suitable for bonding semiconductor devices to metalized

substrates. In the present work, a novel die-attach material

is presented, made from silver nanorods that were synthe-

sized with a polyol process method.

One-dimensional (1-D) metal nanostructures, such as

nanorods, nanowires and nanotubes, are also of interest

because of their unique electronic, optical, magnetic,

thermal, and catalytic properties [7, 8]. Much effort has

been made recently to control their structure as the desir-

able properties, which are distinctive from the bulk solids,

are related to their small sizes and well-defined shapes [9,

10]. As for silver nanostructures, a variety of shape-con-

trolled syntheses have been developed. These are capable

of producing silver nanoplates, nanoprisms, nanorods, and

nanowires. Recently, a polyol process has attracted more

attention due to its simplicity and ease of operation in an

air environment [11–13]. However, reports have suggested

that some seeds and salts affected the morphology of the

products [14–16], although the mechanism is still unclear.

The focus of the present study is on how the salts affect the

preparation of 1-D silver nanorods and on the elucidation

of the growth process for the nanorods in the polyol pro-

cess. Finally, these silver nanomaterials were used to form

a silver paste and were used in a die-attaching technique for

semiconductor devices.
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2 Experimental process

In a standard synthesis [14], 6 mL of ethylene glycol,

acting as both reducing agent and solvent, with 0.052 M

AgNO3 and 0.067 M polyvinylpyrrolidone (PVP, average

molecular weight: 360 k) was mixed with 0.5 mL of FeCl3
solution (6 9 10-4 M, in ethylene glycol) at room tem-

perature and then heated at 150 �C on an oil bath for 1.5 h.

Finally, to completely remove the capping agent (PVP) and

organic compounds formed in the reaction, the resulting

was diluted with large volume of acetone and ethanol and

the silver particles collected by centrifugation at 2,000 rpm

for 10 min. This washing process was repeated to ensure

purity. The silver precipitates in ethanol were characterized

by scanning electron microscopy (SEM; JEOL, JSM-

5510S). Electronic absorption spectra were taken at room

temperature with a Jasco V-570 spectrometer using a 1-cm

optical path quartz cuvette by diluting 0.3 mL of the

sample solution to 1 mL. The X-ray powder diffraction

(XRD) patterns were recorded using a Rigaku RINT 2500

diffractmeter with Cu Ka radiation over a 2h range from

20� to 80�. For XRD, precipitation samples in ethanol were

dropped onto a glass substrate to form a thin film. Simi-

larly, a drop of the ethanol sample was put on a grid

covered with a carbon film for transmission electron

microscopy (TEM; JEOL 200CX).

3 Results and discussion

3.1 Properties of the prepared Ag nanoparticles

Figure 1 shows the SEM images of the silver particles

obtained from the synthesis using FeCl3 (Fig. 1a) and

without it (Fig. 1b). With FeCl3, the silver nanorods were

several micrometers in length and about 75 nm in diame-

ter. However, without FeCl3, the silver particles were a

mixture of small particles, from 100 to 300 nm in size, and

larger, elongated particles. Figure 1c presents the XRD

pattern of both types of silver particles. All the peaks can

be indexed to the FCC structure of single crystal bulk silver

(International Center for Diffraction Data, PDF # CA-

0783). The lattice constant calculated from the XRD data

(a = 4.090 Å) is very close to the reported value

(a = 4.0862 Å). It is worth noting that the ratio of the

intensity of the (111) and (200) peaks is higher for the

nanorods than that of the nanoparticles, indicating the (111)

planes are enriched in the Ag nanorods. This shows the

morphology of Ag particles can be controlled by the

addition of FeCl3.

The morphology and yield of the silver nanoparticles are

affected by the molar ratio of capping agent (PVP) to

AgNO3 as well as the concentration of FeCl3 [14]. With a

molar ratio of PVP/AgNO3 in the range of 0.7–1.8, nano-

rods were the dominant product with a length and diameter

similar to that shown in Fig. 1a. High concentrations of

PVP may form a tight cover on all the faces of the growing

silver particles, leading to isotropic growth. Conversely,

low concentrations of PVP results in a decrease in coverage

and gives anisotropic growth of wide and short rods.

Figure 2 shows SEM images of two extreme products

from changes in the concentration of FeCl3. The standard

procedure was used with a PVP/AgNO3 molar ratio of 1.28

and the FeCl3 concentrations of 10 and 52 lM, in Fig 2a

and b, respectively. At low concentrations of FeCl3, the

product is a mixture of spherical and rod-shaped particles.

The yield of 1-D nanorods was almost 50% (Fig. 2a).

When the concentration of FeCl3 was increased to 52 lM,

very short and wide rods including some large irregular

2 theta
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Fig. 1 SEM images and XRD pattern of silver particles: a with

FeCl3, b without FeCl3 and c their XRD
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particles were the main products (Fig. 2b). Below 10 lM

of FeCl3, nanorods were not obtained. Long silver nano-

rods were consistently obtained when the concentration of

FeCl3 was in the range of 18–24 lM. From these results,

one can see that the FeCl3 salt affects the morphology of

the silver nanoparticles from the polyol process. Xia et al.

have reported the even a very small amount of Fe2?/3? ions

drastically affects the yield and shape of silver nanowires

by removing oxygen from the surface of silver seeds and

preventing the dissolution of silver nucleoli [16]. To

determine if Fe2?/3? ions are crucial in the synthesis of

nanorods, or if other metals could achieve similar results,

the experiment was repeated with NaCl, ZnCl2, NiCl2,

CoCl2 and CuCl2 salts as the additives. Similar results were

obtained as in the case of FeCl3, with a similar dependency

on the concentration. However, not all these metal ions

have different valences available, as Fe2? and Fe3? ions do

[16], indicating an oxidation process could not be respon-

sible for the selectivity for nanorods. Other salts, such as

NiNO3, ZnNO3, NaNO3 and Na2SO4 salts were also tested

for the formation of nanorods. Although some five-twinned

crystals were observed in the beginning of the synthesis,

long nanorods were not formed. Short rods were observed

in the final product about 300 nm in length and 120 nm in

diameter, which is similar to those obtained in the absence

of FeCl3. These results suggest that the main reason for the

formation of silver nanorods is the chloride anions and not

the Fe2? or Fe3? ions.

To test that it is the anion which is controlling the

process, CO3
2- and S2- ions, from Na2CO3 and Na2S were

also tested. Nanorods, similar to those from FeCl3, were the

main product and again, the product was dependant on the

concentration of the anion. All these salts, including the

earlier chlorides, form an AgxAy (A is anion ions) pre-

cipitate at the start of the reaction. Thus, it seems that the

formation of silver nanorods is related to the dissolution of

this precipitate. However, the relationship between AgxAy

and the morphology of resulted Ag particles is still unclear.

Experiments into this result are ongoing.

3.2 Properties of Ag paste

These silver products were applied as a paste for the fab-

rication of a silver layer to demonstrate the sintering

properties and structure of silver layers in an electronic

device. Firstly, these silver precipitates were washed with

acetone and ethanol to completely remove PVP and other

impurities. Figure 3 shows the thermal analysis data of the

silver nanorods precipitate before and after the wash pro-

cess. The DTA results for the rods before the wash show an

exothermic peak at about 400–450 �C. This corresponds to

the decomposition of PVP with a dramatic weight loss in

the TG curve. A strong endothermic peak was also seen at

about 490 �C, which is typical for nano-sized products.

After the wash, almost no PVP exothermic peak can be

observed, which suggests the PVP has been completely

removed. However, a new endothermic peak appears at

about 300 �C with a very small weigh loss of about 2.1%,

which may correspond to the removal of the PVP directly

on the surface of the nanorods. The reason the surface PVP

decomposition occurs at a much lower temperature than

bulk PVP is still unclear.

A silver paste was formed by addition of a small amount

of ethanol to the precipitate obtained by centrifugation. To

prepare a silver layer, the silver paste was spread onto a

glass substrate, dried at room temperature for several

minutes and sintering at the desired temperature for 60 min

in an oven. After treatment, the electrical resistivity (ER)

of the silver thin film was examined with four point probe

resistance measurements. Table 1 shows the results for the

pure nanorods (PN) and a mixture of nanorods (about 50%)

and spherical particles (MN). The resistivity is decreased

with increasing sintering temperature in the two pastes.

However, the pastes exhibit high resistivity at low tem-

perature despite the layer being pure metal silver. This may

be due to poor sintering between particles. The SEM image

Fig. 2 SEM images of silver nanoparticles prepared with the

concentration of FeCl3 at 10 lM (a) and 52 lM (b)
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of the silver thin film indicated that the rod morphology

was retained from the PN paste (Fig. 4a) but destroyed in

the MN paste (Fig. 4b) after sintering at 300 �C for only

1 h. The later consisted of a dense network microstructure.

However, when the sintering time was extended to 10 h,

the rod-shape particles in the PN paste form irregular

0-dimension particles with different sizes, including some

rod-shape particles (Fig. 4c). Comparing Fig. 4b and c, it

can be seen that the grain growth and increase in density is

lower in the PN paste than in the MN paste. The results

suggested that pure nanorods are more difficult to sinter

and that this gives a higher resistivity at the same sintering

temperature due to the poor connection between the par-

ticles. The sintering properties of PN and MN paste will be

discussed in depth in later reports.

The silver layer prepared form the PN paste has been

trialled as a die-attach material. It was coated onto a copper

substrate to connect it to a SiC chip by sintering at different
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Fig. 3 The DTA (a) and TG (b) results of Ag nanorods for sample

before washing and after washing in comparison with PVP

Table 1 Resistivity of nanorods and nanoparticles layer

Resistivity (X cm) PN MN

200 �C 5.3 9 10-3 3.6 9 10-3

300 �C 1.7 9 10-4 6.5 9 10-5

400 �C 6.1 9 10-6 3.2 9 10-6

Fig. 4 The SEM images of Ag layers with PN (a) and MN (b)

sintered for 1 h at and 300 �C, and PN (c) sintered for 10 h at 300 �C
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temperatures for 1 h and examined for joint strength.

Figure 5 showed the results. Although the strength is

increased with the temperature, the strength of silver

nanorod layer is very low compared with the nanoparticle

sample. The surface and cross-section structure of the Ag

nanorod and nanoparticle samples which had been calcined

at 350 �C (nanoparticles were provided by Harima

Chemicals INC, Japan) were observed by SEM (Fig. 6).

The surface state was completely different in the two cases.

The nanorods sample formed a porous structure by the

nanorods breaking and fusing into a network structure at

contacts between rods (Fig. 6a). The nanoparticles

achieved a denser packing structure due to sintering

between particles (Fig. 6b). On the other hand, the cross-

section SEM images also indicated that a mesoporous

structure has been formed from the nanorods and a dense

packing structure from the nanoparticles (Fig. 6c, d). At the

highest magnification (in Fig. 6c), it can be seen the pores

have been formed by the breaking and connecting of the

nanorods with the heating process. The pore size ranged

from 0.2 to 2 lm depending the sintering process and

temperature. These pores are the main reason for the low

strength. Normally, porous materials have lower strengths

than those of denser materials. However, the two cases

show almost same resistivity at high temperature, which is

similar to that of bulk silver materials. The results indicate

the porous silver structure has same capacity to transport

electrons. Compared to the dense packing structure of

nanoparticles, the mesoporous structure appears to be the

most promising route for high performance attachment

materials because of the rapid transport and diffusion of

heat and electrons through the layer. However, the low

strength of the Ag layer will affect the lifetime of the

device. Hence, improving the utilizing strength will be a

challenge for the application of these porous die-attach

materials in semiconductor devices.

4 Conclusion

The Ag nanorods with high yield have been successfully

synthesized by addition of inorganic salts with the polyol

process. We discussed the growth mechanism that these

anion ions improved the formation of Ag nucleus into rod-

shape particles in the beginning state by dissolving and
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Fig. 5 The joint strength of nanorods and nanoparticles layers as

fuctions of sintering temperature

Fig. 6 The surface and cross-section SEM images of nanorods (a, c)

and nanoparticle (b, d), respectively
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assembling the Ag nucleus. These results also implied that

the other metal with different morphology will be prepared

if suitable inorganic salts, i.e., anions, have been selected.

The Ag products including different percent of Ag

nanorods were used to form an Ag layer at 400 �C to

connect a chip to substrate. The electrical resistivity

depended the sintering temperature and a low resistivity of

about 6.1 9 10-6 X cm has been achieved for pure nano-

rods samples, which is little higher than that one of

3.2 9 10-6 X cm including about 50% nanorods sample.

The layer is a porous structure that will provide the quickly

transport and diffusion of heat and carriers in the electronic

devices. However, the low strength of the layer will be next

study challenge for improving the utilizing in semicon-

ductor devices.
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