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Abstract: We investigated the sintering and consolidation phenomena of silver nanoparticles under various thermal

treatment conditions when they were patterned by a contact printing technique on polyimide substrate films. The

sintering of metastable silver nanoparticles commenced at 180 oC, where the point necks were formed at the contact

points of the nanoparticles to reduce the overall surface area and the overall surface energy. As the temperature was

increased up to 250 oC, silver atoms diffused from the grain boundaries at the intersections and continued to deposit

on the interior surface of the pores, thereby filling up the remaining space. When the consolidation temperature

exceeded 270 oC, the capillary force between the spherical silver particles and polyimide flat surface induced the

permanent deformation of the polyimide films, leaving crater-shaped indentation marks. The bonding force between

the patterned silver metal and polyimide substrate was greatly increased by the heat treatment temperature and the

mechanical interlocking by the metal particle indentation. 
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Introduction

Compared with the conventional photolithography/etch-

ing processes, the direct printing of metal particle pastes has

mainly been used for electronics patterning, because it is

environmentally friendly in terms of the reduction in the

amount of material loss and number of processing steps,

thus allowing for high productivity and mass customiza-

tion.1-6 Direct printing techniques including the ink-jet and

microcontact printing processes can draw conductive lines

directly patterned on the substrate in one step using silver,

gold, or other nanoparticles.7-10 In particular, if nanoparticles

are used for direct printing, the conductive lines can be

solidified at substantially decreased temperatures due to the

extremely high surface free energy of nano-sized metal par-

ticles.11,12 When the patterned nanoparticles are heated, sin-

tering occurs below the melting temperature of the nanoparticles

accompanied with consolidation and densification of the

patterned parts. Accordingly, the sintering and consolida-

tion processing nano-sized particles may well different from

the micrometer-sized particles, which should be understood

especially for electronic device structuring and design. 

In the direct printing process, metal nanoparticles can be

printed on various substrates for use in electronic and elec-

tric device fabrication.13-20 Among the possible polymer sub-

strates, polyimide is one of the most widely used materials

in the field of opto-electronic devices such as electric insu-

lators, circuit boards, waveguides, and alignment layers of

liquid-crystal displays, due to its excellent thermal and

mechanical stabilities, e.g., tensile modulus of 2.5 GPa, vol-

ume DC resistivity of the order of 1018 Ωm, low thermal

conductivity, and high glass transition temperature of over

400 oC.21-23 It is also expected that the direct printing of

metal nanoparticles on flexible polyimide substrate films*Corresponding Author. E-mail: jdnam@skku.edu
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can be used in such applications as flexible microelectrome-

chanical (MEMS), semiconductor devices, flexible displays,

etc,. However, it has been pointed out that nanoparticle immo-

bilization on a polyimide substrate is difficult, due to the

poor adhesion characteristics of polyimide to other materi-

als.24-26 Accordingly, the polyimide surface has been modified

by various methods to improve its adhesion characteristics

with metals, including wet chemical treatments,27-31 plasma

treatment,32-35 laser irradiation36,37 and ion beam treatment.21 

Herein, we investigated the sintering and consolidation of

silver nanoparticles on polyimide substrate films subjected

to thermal treatment around the melting temperature of the

silver nanoparticles. The different stages of sintering and

consolidation of the silver nanoparticles in the vicinity of

the polyimide surface were investigated. We also investi-

gated the interface morphology between the silver nanopar-

ticles and the polyimide surface during the sintering

procedure.

Experimental

The silver nanoparticles used in this study are shown in

Figure 1. The size of the particles dispersed in diethylene

glycol (DEG) as a cosolvent to water at a ratio of 50 wt%

was ca. 50 nm. The polymer substrate investigated in this

study was a commercially-available Kapton film (HN,

Dupont). The silver nanoparticle paste was patterned on the

polyimide films using the microcontact printing technique.

The master and elastomeric polymer stamp used for contact

printing was fabricated as reported previously.
38 First, the

polymer stamp was slightly inked with the silver nanoparti-

cles. Then, it was placed in contact with the polyimide sub-

strate and held there under slight pressure for 1 min at room

temperature. The patterned substrate was dried at room tem-

perature for 30 min and then heated up to various tempera-

tures between 180 and 300 oC. 

Differential scanning calorimetry (DSC) was used to

study the thermal properties of the silver nanoparticles

using a TA Instruments DSC 910 in a nitrogen atmosphere

at a heating rate of 10 oC/min. The sintered nanoparticles

were investigated by a scanning electron microscopy

(JSM7000F, JEOL Tokyo, Japan) and optical microscopy

(Model: I Camscope G, Plus win, Korea). The adhesion

between the silver pattern and polyimide substrate was mea-

sured by the scotch tape test using a 3M Scotch Brand Tape

(#3750-G). The tape was slowly (~2 cm/s) peeled off by

hand from the polyimide substrate at the angle of 160o~170o. 

Results and Discussion

As seen in Figure 1, the DSC thermogram shows that the

melting point of the silver nanoparticles is 258 oC, which

should be compared with the value of 962 oC for bulk silver

metal. This low melting temperature of the silver nanoparti-

cles is due to the relatively large ratio of surface atoms to

inner atoms.
39 The high proportion of surface atoms drasti-

cally decreases the melting temperature, because the surface

energy of the unbound surface atoms is extremely high. The

melting point of nanoparticles has been inversely correlated

with their radius, as follows:
40 

where Tn is the melting point of nanoparticles with radius r,

Tb is the melting point of the bulk material, Vm,l is the molar

volume of the liquid, γsl is the interfacial tension between

the solid and the liquid surface layer, and ΔHm is the bulk

latent heat of melting. According to this equation, when the

particle diameter is decreased, its second term is radically

increased, resulting in a substantial decrease in the melting

temperature of the nanoparticles. For example, the melting

point of gold nanoparticles whose size is of the order of a

few nanometers is in the range of 300-400 oC, which should

be compared with 1,064 oC for the bulk form of gold.39 

Tn Tb

2Vm l, l( )γslTb

ΔHmr
-----------------------------–=

Figure 1. SEM images (A) and DSC curve (B) of silver nanoparticles used in this study. 
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Figure 2 shows the optical micrographic pictures of the

silver patterns formed by the microcontact printing on the

polyimide films. The light color areas of the image are the

silver nanoparticles patterns. The silver patterns exhibit

sharp edges and the pattern dimensions are in good agree-

ment with the line-to-space distance specifications of the

polymer stamp of 150 μm/90 μm. The silver nanoparticles

are only found where the polymer stamp was in contact with

the polyimide substrate and the generated silver layer is

crack free. 

As schematically shown in Figure 3 sintering is normally

thought to occur in four stages.41 When the particles are first

placed in contact each other, instantaneous neck formation

takes place. Once it is formed, the neck grows rapidly by

several different mechanisms including surface diffusion,

lattice diffusion from the surface, vapor transport, grain

boundary diffusion, and lattice diffusion from the grain

boundary accompanied by plastic flow (Figure 3(B)). This

Figure 2. Optical micrographs of silver nanoparticle patterns formed on polyimide substrate film.

Figure 3. Model structure of the sintering process exhibiting (A) instantaneous neck formation, (B) neck growth, (C) cylindrical chan-

nels at boundaries and (D) pore elimination. The transport phenomena designated by the numbers in (B) and (D) represent surface diffu-

sion (1), lattice diffusion from the surface (2), vapor transport (3), grain boundary diffusion (4), lattice diffusion from the grain boundary

(5) and plastic flow (6).
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stage is considered to last until the radius of the neck

between the particles reaches 0.4-0.5 of the particle radius,

at which point the initial density of 0.5-0.6 of the theoretical

density increases to around 0.65 with a linear shrinkage of

3-5%.41 For nanoparticles, it should be mentioned that the

sintering mechanism may be significantly different from the

traditional one, due to their high surface curvature and

unbound surface atoms, which give them an extremely high

surface free energy. In nanoparticle sintering, it was

reported that the surface and the grain boundary diffusion

were the most significant transport processes in the sinter-

ing process of Cu and Ag nanoparticles.
42 

The intermediate stage (Figure 3(C)) begins when the

pores reach their equilibrium shapes, as dictated by the sur-

face and interfacial tensions. In this stage, the pore phase is

continuous and gives cylindrical channels of porosity sitting

along the grain edges, as illustrated in Figure 3(C). Consoli-

dation is considered to occur by the reduction of the pore

volume in this stage. The final stage of sintering begins

when the pores pinch off and become isolated at the grain

corners (Figure 3(D)), at which point they may shrink con-

tinuously with time and disappear. 

Figure 4 shows the SEM images of the silver nanoparti-

cles sintered at different temperatures on the surface of the

polyimide films. For these micrographs, the sintered sam-

ples were microtomed by a diamond saw in order to observe

the cross-sectioned image of the voids and nanoparticles.

When the nanoparticles are heated up to 180 oC (Figures

4(A) and (B)), necks are formed so as to interconnect the

nanoparticles and leaving a large amount of pores, which

seemingly corresponds to the schematic representation in

Figure 4(B). In this stage, it is believed that the silver atoms

diffuse from the nanoparticles at the intersections between

the differently oriented particles and continue to deposit on

Figure 4. SEM images of silver nanoparticles coated on polyimide film after the heat treatment at 180 oC (A, B), 250 oC (C, D) and

290 oC (E, F).
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the neck region. 

Upon further heating, the neck areas increase in size and

the pores are isolated to form a cylindrical shape, which cor-

responds to the characteristic feature of the intermediate

stage of sintering in Figure 4(C). As the temperature is

increased up to 250 oC, as shown in Figures 4(C) and (D),

the pores are significantly decreased in size and become

more isolated. Herein, it is difficult to distinguish the parti-

cle shape and the neck regions, which indicates that the sin-

tering enters the final stage. Upon further heating above

290 oC, grain growth continues to occur to form dense and

porous polycrystalline silver (Figures 4(E) and (F)). As can

be seen, there are no pores remaining in the final stage of

sintering. In this final stage, the silver atoms move from the

convex surface on one side of the grain boundary to the con-

cave surface on the other side, due to chemical potential dif-

ferences, to give a homogeneous phase of sintered materials. 

Figure 5 shows the silver nanoparticles sintered at differ-

ent temperatures after the scotch tape test. The peeled-off

silver nanoparticles after sintering at 180 oC are shown in

Figure 5(A). It can be seen that the silver nanoparticles are

partially detached from the polyimide film, due to their poor

mechanical adhesion at the metal/polymer interface. How-

ever, the silver nanoparticles are not detached by the scotch

tape when they are sintered at 300 oC (Figure 5(B)), demon-

strating that the bond strength of the nanoparticles to the

polymer surface is high enough to sustain the peel-off stress

in this stage. 

Figure 6 shows the polyimide film surface after the sin-

tered silver layer was peeled off by means of a scotch tape.

The peeled-off polyimide surface after the sintering of the

silver pattern at 180 oC is smooth and maintains the pristine

state of the film (Figure 6(A)). As the temperature is

increased up to 250 oC, there are some meniscus-shaped marks

left on the polyimide surface, as shown in Figure 6(B). At

270 oC, the depth of the meniscus patterns is increased sig-

nificantly and some remaining silver nanoparticles can be

seen in Figure 6(C). When the sintering temperature is over

290 oC, the polyimide surface is significantly deformed to

produce particle shapes (Figure 6(D)). 

The capillary force between the spherical silver nanoparti-

cles and polyimide flat surface may induce plastic deforma-

tion of the polyimide films when they change into the

rubbery state during heating. As seen in Figure 7, the driv-

ing force of this surface deformation of the polyimide film

Figure 5. Optical micrographs of polyimide film surface after the

scotch tape test. For the specimens heat treated at (A) 180 oC and

(B) 300 oC.

Figure 6. SEM images of polyimide film surface after the silver layer was peeled off. The heat treatment temperatures are (A) 180 oC,

(B) 250 oC, (C) 270 oC and (D) 290 oC. 
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is a combination of the adhesion and the capillary forces

between the silver nanoparticles and polyimide (Figure 7).

Below the melting temperature of the silver nanoparticles,

there is only the direct adhesion force between the two con-

tacting solids, represented by FS = 4πRγSV , where FS is the

adhesion force, R is the radius of the nanoparticles and γSV is

the interfacial tension between the solid and vapor. When

the temperature is increased to around the melting tempera-

ture of the silver nanoparticles, the Laplace pressure of the

curved menisci is developed between the silver nanoparti-

cles and the polyimide flat surface, as follows: FS =4πR(γLV

cosθ + γSL) where γLV is the interfacial tension between the

liquid and vapor, θ is the contact angle between the nano-

particles and substrate and γSL is the interfacial tension

between the solid and vapor. As this force develops and the

increased temperature causes the modulus of the polyimide

to decrease, the nanoparticles may be forced to sink down

under the polyimide surface. We believe that the surface

deformation of the polyimide film induced at elevated tem-

peratures substantially increases the metal-polymer adhe-

sion force through mechanical interlocking.

Conclusions

The sintering of 50 nm sized silver nanoparticles was

investigated in the temperature range of 180~290 oC around

the melting temperature of nanoprarticles. At around

180 oC, necks formed at the contact points of the nanoparti-

cles to reduce the surface energy. As the temperature was

increased up to 250 oC, silver atoms from the grain bound-

ary filled up the pores and remaining space. The neck

region and pores almost disappeared due to plastic flow at

270 oC. Due to the capillary force between the Ag particles

and PI surface, the PI surface started deforming, leading to

the formation of dimples. Above 290 oC, the grain bound-

aries between the particles disappeared and the size of the

particles increased significantly. Because of the capillary

force between the spherical silver particles and polyimide

flat surface, the polyimide surface deformed elastically in

the rubbery state. 
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