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ABSTRACT

Purpose: In this work, a new synthesis has been investigated to obtain a nano-silver soldering paste 
capable of sintering at low temperature.

Design/methodology/approach: The nano-silver soldering paste has been obtained by chemical 
reduction, with sodium borohydride (NaBH4) in presence of polyvinylpyrrolidone (PVP). The paste has 
been used for bonding two Cu plates. The Cu-Ag-Cu joint was obtained by sintering the nano-silver 
paste at a temperature ranging from 200°C to 400°C, in air, under a normal load of 5 MPa. The shear 
strength of the joints has been measured.

Findings: The Ag particles obtained by this method are spherical, with an average size of 100 nm 
which allow sintering at low temperature. A sintering temperature of 250°C is sufficient for bonding 
two copper plates and the paste with an Ag/PVP weight ratio of 2.45 offers the best results. However,  
a maximum shear strength of 51 N is measured which is lower than the literature reference for large 
Cu chips bonding.

Research limitations/implications: Other Ag/PVP ratio should be investigated in order to minimise 
the presence of impurities introduced by the reactant. Investigations concerning the Cu surface 
treatment, for improving the shear strength of the bond, should also be realised.

Practical implications: The nano-silver soldering paste cannot be applied, yet, in electronic industry. 
Further improvements are required.

Originality/value: The synthesis of nano-silver soldering paste by chemical reduction with NaBH4 
in presence of PVP can be realised in one-step, at room temperature, which is important to minimise 
the synthesis costs.
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1. Introduction 
 
Electronic devices are commonly bonded onto substrates by 

soldering. Until 2006, lead based solders were used but their 
utilisation is now restricted because of hazardous effect on 
human health [1]. Therefore, lead-free solders have attracted  
a lot of attention. However, despites numerous amount of 
research concerning lead-free solders, only few are suiTable for 
high temperature application (over 200°C) [2,3]. Indeed, Ag-Bi 
solders meet the requirements concerning the melting 
temperature but have low conductivity. The properties of Au 
derivate solders are excellent but Au is expensive. While Zn 
based solders are easy to process but low corrosion resistance 
limits the applications [3]. 

Another approach is based on metal powder paste, such as 
silver or copper, because they present high thermal and 
electrical conductivity. Metal powder pastes are used as solders 
since 1989 [4]. The first results were obtained with micron scale 
Ag flakes and required high temperature and pressure for 
sintering [5]. Improvements are obtained when nano-scale Ag 
paste are used. Indeed, the high surface energies of 
nanoparticles is a driving force for sintering and the melting 
temperature is decreased [6]. The improvements obtained by 
using nano-silver are such that pressureless bonding is reported 
[7-10]. The use of nano-silver affects also the sintering 
temperature. Indeed, a sintering temperature of 250°C is enough 
to obtain strong bonding which is much lower than the melting 
temperature of silver (  962°C) [11]. Furthermore, sintering at 
room-temperature bonding has been recently reported [7]. 

The synthesis of silver nanoparticles is well documented and 
usually, the nanoparticles are obtained by bottom-up methods 
where atoms are self-assembly into nanoparticles [12]. 
Therefore, chemical reduction method has been intensively used 
and many reducing agents have been tested such as trisodium 
citrate [13], ethylene glycol [14], hydrazine [15] or sodium 
borohydride [16]. Furthermore, to obtain nanoparticles it is 
important to control the particle growth and the use of 
stabilising agent is necessary [17]. The stabilising agent can be 
the reductant itself such as trisodium citrate or ethylene glycol. 
It can also be an additive and the polyvinylpyrrolidone (PVP) 
has been widely used [7,18,19]. 

In this article, the nano-silver sintering paste is prepared in 
one-step synthesis by chemical reduction with NaBH4 in 
presence of polyvinylpyrrolidone (PVP). The reduction is 
performed at room temperature which helps to contain the 
synthesis costs. The paste is used to bond two copper plates and 
the shear strength of the Cu-Ag-Cu bond is investigated. 

 
 

2. Experimental procedure 
 
 

2.1. Materials 
 
The Silver nitrate (AgNO3, >99.9%), sodium borohydride 

(NaBH4, >98%) and polyvinylpyrrolidone (PVP k-12 - MW: 
3500 g.mol-1) have been used in this work. The solutions were 
prepared using deionized water. 

2.2. Synthesis 
 
The nano-silver paste is prepared by chemical reduction, 

using sodium borohydride, in presence of different PVP 
concentration. The synthesis is adapted from Y. Sun et al. work 
[16]. First, a 0.45 M PVP k-12 solution is prepared. Then,  
the right amount of AgNO3 is added to the PVP solution in  
order to get a weight ratio Ag/PVP equal to 0.21, 2.45 or  
4.90 (respectively labelled Ag/PVP-0.21, Ag/PVP-2.45 and  
Ag/PVP-4.90). The silver ions are reduced by adding an excess of 
NaBH4 (10 mol.% excess) to the mixture at room temperature 
under magnetic stirring. Instantly after the addition of NaBH4  
a black precipitate is formed. The product is used as a soldering 
paste without any further modifications. 

 
 

2.3. Characterisations 
 
The silver nanoparticles have been characterised by X-ray 

powder diffraction (XRD) and Scanning Electron Microscopy 
(SEM). The powder diffraction patterns were obtained on  
a Seifert-FPM XRD 7 diffractometer. The cobalt K  line  
(  = 1.7902 Å) and an acceleration voltage of 35 kV are used. The 
crystalline phases present were identified by comparison with 
references published by the Joint Commitee on Powder 
Diffraction Standard (JCPDS). The Laue-Scherrer relationship is 
used to determine the crystallite size from the X-ray diffraction 
line broadening. Two scanning electron microscopes, Zeiss  
Evo MA10 and Zeiss LEO 1525, have been used with an 
acceleration voltage of 15 kV. 

The nano-silver paste has been used to bond two copper 
plates. Prior to bonding, the Cu plates were degreased in acetone. 
The paste was then deposited on one plate (  18 mg covering 

100 mm2) before the second plate was placed over the first one. 
The 2 plates were then placed in a hot press for sintering. The 
plates were heated at different temperature, during 30 min, under 
a normal load of 5 MPa. The tensile strength of the join was 
measured on an Instron 4505/5500, by pulling apart the two plates 
with a rate of 1 mm/min-1 as it can be seen on the scheme 
presented in Fig. 1. 

 

 
 

Fig. 1. Schematic overview of the tensile strength measurement 
 
 
3. Results and discussion 

The silver nanoparticles were analyzed by X-ray diffraction 
and the results are presented in Fig. 2. For all the paste 
composition, the X-ray diffraction peaks of metallic silver can be 
observed. It proves that reduction of silver nitrate in presence of 
PVP is successful. However, at high Ag/PVP ratio (2.45 and 
4.90), diffraction peaks of sodium nitrate (NaNO3) can also be 
observed. The presence of NaNO3 indicates a lack of solvent. 
Finally, the silver crystal size, calculated by Laue-Scherrer 
relationship, is presented in Table 1. According to these results 

the crystal size is not affected by the Ag/PVP ratio and remains 
small, around 20 nm. 

 
Table 1. 
Average crystal size, calculated by Laue-Scherrer method,  
of the silver nanoparticles prepared by NaBH4 reduction  
and with PVP additive 

Sample Crystal size (nm) 
Ag/PVP-0.21 18 
Ag/PVP-2.45 22 
Ag/PVP-4.90 19 

 
The samples Ag/PVP-0.21, Ag/PVP-2.45 and Ag/PVP-4.90, 

at room temperature, are respectively presented as micrograph 
A, B and C in Fig. 3. Based on SEM pictures, the size of the 
particles can be estimated around 100 nm. Furthermore, the 
particle size doesn’t seem to be affected by the Ag/PVP ratio. 
This conclusion differs from the observation done by Z. Zang  
et al. which investigated the influence of the Ag/PVP ratio on 
the particle size of the silver obtained by hydrazine reduction 
[18]. The difference could be explained by the utilisation of 
NaBH4 instead of hydrazine. Indeed, NaBH4 is known to limit 
the particle growth of silver nanoparticles [20]. Beside this, the 
SEM micrographs confirm the presence of NaNO3 crystals 
(nonconductive phase) and the number of crystal increases as 
the Ag/PVP ratio increases. 

The sample after sintering at 250°C, 30 min and 5 MPa have 
also been investigated by SEM and the micrographs are 
presented in Fig. 4. On these pictures, it can clearly be seen that 
the particles sintered to form a dense phase. However, from 
Ag/PVP-2.45 and Ag/PVP-4.90 samples, some cracks are 
visible. The presence of cracks can be due to the low amount of 
PVP that acts as a binder [21]. 

Fig. 5 shows the evolution of the tensile strength of the  
Cu-Ag-Cu joints as a function of the paste composition. All the 
samples were sintered at 250°C, during 30 min, under 5 MPa. 
The maximum tensile strength is obtained with the Ag/PVP-
2.45 paste composition. The joint obtained with the Ag/PVP-
0.21 has the lowest tensile strength and this result may be due to 
the high PVP content [19]. The joint obtained with the paste 
Ag/PVP-4.90 is also weaker than the one obtain with the 
Ag/PVP-2.45 and it may be due to the high content of NaNO3 
which can be considered as an impurity. 

As the Cu-Ag-Cu joint obtained with Ag/PVP-2.45 paste 
present the best properties, this paste has been chosen to 
investigate the effect of the sintering temperature and the results 
are presented in Fig. 6. The maximum tensile strength is 
obtained for the sample sintered at 300°C and the value is close 
to the one obtained by sintering at 250°C. The joint obtained 
after sintering at 200°C presents significantly lower tensile 
strength. It can be concluded that a sintering temperature of 
200°C is too low and it is confirmed by SEM analysis (not 
shown). Indeed, the micrographs of the sample after sintering at 
200°C are similar to the one taken at room temperature. The 
tensile strength of the joint obtained after sintering at 400°C is 
also significantly lower while increasing the sintering 
temperature was expected to improve the tensile strength [13, 
14]. In their work, Z. Pešina et al. also observed weaker joint 
when the sintering temperature increased and attribute this 
phenomenon to the formation of a copper oxide layer [10]. 

Furthermore, the tensile strength of the strongest Cu-Ag-Cu 
joint (51 N) is 5 times smaller than the one measured by Z. 
Pešina et al. with a paste prepared by thermal decomposition of 
bis (dodecylamin) silver nitrate (  250 N) [10]. This difference 
could arise from the preparation of the copper plate prior to 
bonding. Indeed, it has been highlighted that decreasing the 
surface roughness of the sample improves the bonding [22]. 

 
 

 
 

Fig. 2. X-ray diffraction patterns of the sample prepared by NaBH4 reduction and with PVP as an additive 
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utilisation is now restricted because of hazardous effect on 
human health [1]. Therefore, lead-free solders have attracted  
a lot of attention. However, despites numerous amount of 
research concerning lead-free solders, only few are suiTable for 
high temperature application (over 200°C) [2,3]. Indeed, Ag-Bi 
solders meet the requirements concerning the melting 
temperature but have low conductivity. The properties of Au 
derivate solders are excellent but Au is expensive. While Zn 
based solders are easy to process but low corrosion resistance 
limits the applications [3]. 

Another approach is based on metal powder paste, such as 
silver or copper, because they present high thermal and 
electrical conductivity. Metal powder pastes are used as solders 
since 1989 [4]. The first results were obtained with micron scale 
Ag flakes and required high temperature and pressure for 
sintering [5]. Improvements are obtained when nano-scale Ag 
paste are used. Indeed, the high surface energies of 
nanoparticles is a driving force for sintering and the melting 
temperature is decreased [6]. The improvements obtained by 
using nano-silver are such that pressureless bonding is reported 
[7-10]. The use of nano-silver affects also the sintering 
temperature. Indeed, a sintering temperature of 250°C is enough 
to obtain strong bonding which is much lower than the melting 
temperature of silver (  962°C) [11]. Furthermore, sintering at 
room-temperature bonding has been recently reported [7]. 

The synthesis of silver nanoparticles is well documented and 
usually, the nanoparticles are obtained by bottom-up methods 
where atoms are self-assembly into nanoparticles [12]. 
Therefore, chemical reduction method has been intensively used 
and many reducing agents have been tested such as trisodium 
citrate [13], ethylene glycol [14], hydrazine [15] or sodium 
borohydride [16]. Furthermore, to obtain nanoparticles it is 
important to control the particle growth and the use of 
stabilising agent is necessary [17]. The stabilising agent can be 
the reductant itself such as trisodium citrate or ethylene glycol. 
It can also be an additive and the polyvinylpyrrolidone (PVP) 
has been widely used [7,18,19]. 

In this article, the nano-silver sintering paste is prepared in 
one-step synthesis by chemical reduction with NaBH4 in 
presence of polyvinylpyrrolidone (PVP). The reduction is 
performed at room temperature which helps to contain the 
synthesis costs. The paste is used to bond two copper plates and 
the shear strength of the Cu-Ag-Cu bond is investigated. 
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prepared using deionized water. 
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The nano-silver paste is prepared by chemical reduction, 

using sodium borohydride, in presence of different PVP 
concentration. The synthesis is adapted from Y. Sun et al. work 
[16]. First, a 0.45 M PVP k-12 solution is prepared. Then,  
the right amount of AgNO3 is added to the PVP solution in  
order to get a weight ratio Ag/PVP equal to 0.21, 2.45 or  
4.90 (respectively labelled Ag/PVP-0.21, Ag/PVP-2.45 and  
Ag/PVP-4.90). The silver ions are reduced by adding an excess of 
NaBH4 (10 mol.% excess) to the mixture at room temperature 
under magnetic stirring. Instantly after the addition of NaBH4  
a black precipitate is formed. The product is used as a soldering 
paste without any further modifications. 
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The silver nanoparticles have been characterised by X-ray 

powder diffraction (XRD) and Scanning Electron Microscopy 
(SEM). The powder diffraction patterns were obtained on  
a Seifert-FPM XRD 7 diffractometer. The cobalt K  line  
(  = 1.7902 Å) and an acceleration voltage of 35 kV are used. The 
crystalline phases present were identified by comparison with 
references published by the Joint Commitee on Powder 
Diffraction Standard (JCPDS). The Laue-Scherrer relationship is 
used to determine the crystallite size from the X-ray diffraction 
line broadening. Two scanning electron microscopes, Zeiss  
Evo MA10 and Zeiss LEO 1525, have been used with an 
acceleration voltage of 15 kV. 

The nano-silver paste has been used to bond two copper 
plates. Prior to bonding, the Cu plates were degreased in acetone. 
The paste was then deposited on one plate (  18 mg covering 

100 mm2) before the second plate was placed over the first one. 
The 2 plates were then placed in a hot press for sintering. The 
plates were heated at different temperature, during 30 min, under 
a normal load of 5 MPa. The tensile strength of the join was 
measured on an Instron 4505/5500, by pulling apart the two plates 
with a rate of 1 mm/min-1 as it can be seen on the scheme 
presented in Fig. 1. 

 

 
 

Fig. 1. Schematic overview of the tensile strength measurement 
 
 
3. Results and discussion 

The silver nanoparticles were analyzed by X-ray diffraction 
and the results are presented in Fig. 2. For all the paste 
composition, the X-ray diffraction peaks of metallic silver can be 
observed. It proves that reduction of silver nitrate in presence of 
PVP is successful. However, at high Ag/PVP ratio (2.45 and 
4.90), diffraction peaks of sodium nitrate (NaNO3) can also be 
observed. The presence of NaNO3 indicates a lack of solvent. 
Finally, the silver crystal size, calculated by Laue-Scherrer 
relationship, is presented in Table 1. According to these results 

the crystal size is not affected by the Ag/PVP ratio and remains 
small, around 20 nm. 

 
Table 1. 
Average crystal size, calculated by Laue-Scherrer method,  
of the silver nanoparticles prepared by NaBH4 reduction  
and with PVP additive 

Sample Crystal size (nm) 
Ag/PVP-0.21 18 
Ag/PVP-2.45 22 
Ag/PVP-4.90 19 

 
The samples Ag/PVP-0.21, Ag/PVP-2.45 and Ag/PVP-4.90, 

at room temperature, are respectively presented as micrograph 
A, B and C in Fig. 3. Based on SEM pictures, the size of the 
particles can be estimated around 100 nm. Furthermore, the 
particle size doesn’t seem to be affected by the Ag/PVP ratio. 
This conclusion differs from the observation done by Z. Zang  
et al. which investigated the influence of the Ag/PVP ratio on 
the particle size of the silver obtained by hydrazine reduction 
[18]. The difference could be explained by the utilisation of 
NaBH4 instead of hydrazine. Indeed, NaBH4 is known to limit 
the particle growth of silver nanoparticles [20]. Beside this, the 
SEM micrographs confirm the presence of NaNO3 crystals 
(nonconductive phase) and the number of crystal increases as 
the Ag/PVP ratio increases. 

The sample after sintering at 250°C, 30 min and 5 MPa have 
also been investigated by SEM and the micrographs are 
presented in Fig. 4. On these pictures, it can clearly be seen that 
the particles sintered to form a dense phase. However, from 
Ag/PVP-2.45 and Ag/PVP-4.90 samples, some cracks are 
visible. The presence of cracks can be due to the low amount of 
PVP that acts as a binder [21]. 

Fig. 5 shows the evolution of the tensile strength of the  
Cu-Ag-Cu joints as a function of the paste composition. All the 
samples were sintered at 250°C, during 30 min, under 5 MPa. 
The maximum tensile strength is obtained with the Ag/PVP-
2.45 paste composition. The joint obtained with the Ag/PVP-
0.21 has the lowest tensile strength and this result may be due to 
the high PVP content [19]. The joint obtained with the paste 
Ag/PVP-4.90 is also weaker than the one obtain with the 
Ag/PVP-2.45 and it may be due to the high content of NaNO3 
which can be considered as an impurity. 

As the Cu-Ag-Cu joint obtained with Ag/PVP-2.45 paste 
present the best properties, this paste has been chosen to 
investigate the effect of the sintering temperature and the results 
are presented in Fig. 6. The maximum tensile strength is 
obtained for the sample sintered at 300°C and the value is close 
to the one obtained by sintering at 250°C. The joint obtained 
after sintering at 200°C presents significantly lower tensile 
strength. It can be concluded that a sintering temperature of 
200°C is too low and it is confirmed by SEM analysis (not 
shown). Indeed, the micrographs of the sample after sintering at 
200°C are similar to the one taken at room temperature. The 
tensile strength of the joint obtained after sintering at 400°C is 
also significantly lower while increasing the sintering 
temperature was expected to improve the tensile strength [13, 
14]. In their work, Z. Pešina et al. also observed weaker joint 
when the sintering temperature increased and attribute this 
phenomenon to the formation of a copper oxide layer [10]. 

Furthermore, the tensile strength of the strongest Cu-Ag-Cu 
joint (51 N) is 5 times smaller than the one measured by Z. 
Pešina et al. with a paste prepared by thermal decomposition of 
bis (dodecylamin) silver nitrate (  250 N) [10]. This difference 
could arise from the preparation of the copper plate prior to 
bonding. Indeed, it has been highlighted that decreasing the 
surface roughness of the sample improves the bonding [22]. 

 
 

 
 

Fig. 2. X-ray diffraction patterns of the sample prepared by NaBH4 reduction and with PVP as an additive 
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Fig. 3. SEM micrographs of the sample at room temperature:  
(A) Ag/PVP-0.21, (B) Ag/PVP-2.45 and (C) Ag/PVP-4.90 
(scale = 1 m) 

 
 
 

 
 

 

 
 

Fig. 4. SEM micrographs of the sample after sintering at 
250°C, 30 min, 5MPa: (A) Ag/PVP-0.21, (B) Ag/PVP-2.45 
and (C) Ag/PVP-4.90 (scale = 100 m) 

 
 
Fig. 5. Tensile strength of the joints, as a function of the paste 
composition, after sintering at 250°C during 30 min under 5 MPa 

 

 
 
Fig. 6. Tensile strength of the joints, as a function of temperature, 
obtained with the paste Ag/PVP-2.45 

 
 

4. Conclusions 
 
In this paper we describe the synthesis of nano-silver sintering 

paste by NaBH4 reduction in presence of PVP. With this method, 
nanoparticles with a size of 100 nm can be obtained and these 
particles sinter under mild conditions, i.e. 250°C and 5 MPa. The 
strongest Cu-Ag-Cu joint is obtained by sintering the Ag/PVP-
2.45 paste at 300°C under 5MPa but this join should be still 

improved. Some further work would be needed to investigate 
other Ag/PVP ratio in order to limit the amount of impurities such 
as NaNO3. It would also be interesting to study the influence of 
the Cu surface treatment in order to improve the bonding. 
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Fig. 3. SEM micrographs of the sample at room temperature:  
(A) Ag/PVP-0.21, (B) Ag/PVP-2.45 and (C) Ag/PVP-4.90 
(scale = 1 m) 

 
 
 

 
 

 

 
 

Fig. 4. SEM micrographs of the sample after sintering at 
250°C, 30 min, 5MPa: (A) Ag/PVP-0.21, (B) Ag/PVP-2.45 
and (C) Ag/PVP-4.90 (scale = 100 m) 

 
 
Fig. 5. Tensile strength of the joints, as a function of the paste 
composition, after sintering at 250°C during 30 min under 5 MPa 

 

 
 
Fig. 6. Tensile strength of the joints, as a function of temperature, 
obtained with the paste Ag/PVP-2.45 

 
 

4. Conclusions 
 
In this paper we describe the synthesis of nano-silver sintering 

paste by NaBH4 reduction in presence of PVP. With this method, 
nanoparticles with a size of 100 nm can be obtained and these 
particles sinter under mild conditions, i.e. 250°C and 5 MPa. The 
strongest Cu-Ag-Cu joint is obtained by sintering the Ag/PVP-
2.45 paste at 300°C under 5MPa but this join should be still 

improved. Some further work would be needed to investigate 
other Ag/PVP ratio in order to limit the amount of impurities such 
as NaNO3. It would also be interesting to study the influence of 
the Cu surface treatment in order to improve the bonding. 
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