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An enhanced copper paste, formulated by copper micro- and nano-particles mixture, is reported to

prevent paste cracking and obtain an improved packing density. The particle mixture of two different

sizes enables reduction in porosity of the micro-paste and resolves the cracking issue in the nano-

paste. In-situ temperature and resistance measurements indicate that the mixed paste has a lower den-

sification temperature. Electrical study also shows a �12� lower sheet resistance of 0.27 X/sq. In

addition, scanning electron microscope image analysis confirms a �50% lower porosity, which is

consistent with the thermal and electrical results. The 3:1 (micro:nano, wt. %) mixed paste is found

to have the strongest synergistic effect. This phenomenon is discussed further. Consequently, the

mixed paste is a promising material for potential low temperature 3D interconnects fabrication.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4954966]

Three-dimensional integrated circuits (3D IC) draw

much attention in recent years as they offer a promising way

for enhanced performance and efficient integration due to ver-

tical stacking.1 Low temperature metal-metal bonding is an

important enabler for 3D IC technologies for applications in

various electronics products.2,3 At present, Cu-Cu bonding

receives significant interest both in academic research and

industrial development because copper has excellent electrical

and thermal conductivities as well as electro-migration resist-

ance.4 Most importantly, it is widely used in electronic manu-

facturing and is often considered as a low cost solution.5–7

Researchers are attempting to lower the Cu-Cu bonding

temperature via surface passivation or balancing the pres-

sure and temperature during thermo-compression bonding.8

However, this increases either the process complexity or the

risk of damage when devices undergo high mechanical pres-

sure. In addition, when the process temperature is higher

than desired, the material would weaken and this can lead to

failure.9 Therefore, bonding assisted with metallic particles

paste is proposed as an efficient method to solve the metal-

metal bonding issues.

Metallic particles have large surface area to volume

ratio as well as high surface energy, thus offering lower

temperature required during bonding.10 Besides, metallic

particles can endure temperatures higher than their melting

point by converting to the bulk state.9 Thus, various aspects

of copper nanoparticles paste used for interconnects forma-

tion are actively studied as reported by Tan and Cheong11

and Yamakawa et al.12 However, several studies have con-

sistently reported the issue of mechanical cracking in the

joints formed by copper nanoparticles paste which results in

low bond strength and reliability.13,14

Cracks persist during paste drying partly because of the

densification stress imposed by solvents evaporation. Soft par-

ticles tend to deform and form pores, while hard particles de-

velop cracks to release stress.15 Nano-suspension are prone to

nucleation cracking and the reason for that is more compli-

cated.16 Additionally, nanoparticles always present a much

higher cost due to its delicate synthesis process which

may render them unsuitable for mass industrial production.4

Hence, we study and develop a method of mixing copper

micro-particles with copper nano-particles in an attempt to

improve the paste packing density and to further enhance the

paste quality. The micro-particles could prohibit cracks in

nano-particle paste due to their large size; the nanoparticles in

return are able to fill the interstitial space between the micro-

particles. In this way, the mixed paste could resolve the limi-

tations imposed by both micro- and nano-particles paste.

Since the required amount of nano-particles is smaller in the

mixed paste, the overall cost is expected to reduce. It is found

that the mixed paste with a ratio of 3:1 (micro:nano, wt. %)

provides the best performance. This letter shows the improve-

ments achieved in the mixed paste in terms of packing den-

sity, thermal, electrical, and mechanical properties.

Copper micro-particles are purchased from commercial

supplier (American Elements, 1–2 lm in diameter, 99% pu-

rity). The copper nano-particles are received from Lockheed

Martin Advanced Technology Center (40–60 nm in diameter,

surface passivated).17 IPA (3-Indolepropionic acid) is added

to disperse copper particles with the same amount in each

kind of paste. To obtain a uniformly mixed paste, the micro-

and nano-paste were mixed together using a homogenizer

(Heidolph, SilentCrusher M). The copper micro-particles are

assumed to have a Face Centered Cubic (FCC) arrangement

with a �74% packing density, while the remaining �26%

space is to be occupied by nano-particles. Therefore, thea)Electronic mail: tancs@ntu.edu.sg.
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mixed paste was first made with a ratio of 3:1 (micro:nano,

wt. %; all the ratios mentioned herewith are in this sequence).

For the purpose of benchmarking, samples consisting of only

micro-particles or only nano-particles were also prepared for

comparison.

Paste application on the glass substrate was carried out

using the doctor blade technique to form a film. In-situ resist-

ance and temperature measurements were carried out using a

tube furnace. It is connected with a current generator to mea-

sure the densification temperature and change in resistance

during sintering. A thermocouple was used to monitor the fur-

nace temperature. This set-up is used to obtain the paste sin-

tering profile. An area of 1 mm� 1 mm square on the applied

film is chosen for measurement. Sheet resistance was meas-

ured to investigate the paste electrical property using the

Sheet Resistance Measurement System (CMT-SR2000N).

Paste packing density was characterized by porosity estimated

from Scanning Electron Microscope (LEO 1550 Gemini,

SEM) images using color contrast estimation with ImageJ

software. All the sintering processes conducted in this study

are the same: 230 �C for 10 min in N2, with a ramping rate of

20.5 �C/min. The paste was dried before curing.

Figure 1 shows the evolution of the in-situ resistance of

the three types of paste during sintering. For the first 10 min,

the temperature ramps up from room temperature to 230 �C.

Thus, the critical temperature of the paste can be identified

from Figure 1, which is corresponding to the time when the

resistance shows an abrupt decrease. The pastes have high

resistance before sintering. This may be caused by the pro-

tective layer leading to poor conduction18 and the segrega-

tion of these particles. Solvents and additives remain in the

fresh paste also aggravate resistance. During temperature

ramping stage, the mixed paste displays a dramatic resist-

ance decrease first followed next by the micro-paste and

nano-paste. When the paste resistance decreases to below

10 X, there is no further change in the resistance indicating

that the particles are well fused. This is often accomplished

with the evaporation of most of the solvent and protective

layer. The temperature at this stage is the densification tem-

perature which is observed at 150, 220, and 140 �C for the

micro-, nano-, and mixed paste, respectively. The lowest

densification temperature of the mixed paste indicates that

the mixture is more compact allowing for uniform heat dis-

tribution during sintering or the solvent evaporates earlier.

This enables the particles to fuse well at low temperature.

Since the micro-particles are handled to remove the surface

oxide prior to paste formulation, the protective layer could

volatilize readily. This could be the reason which leads to

their lower densification temperature in micro-paste as com-

pared to the nano-paste.

During the final stage of the sintering process, the nano-

paste shows an interesting phenomenon where the resistance

initially decreases gradually to 1.8 X and then suddenly

increases to 50 kX (at 14th minute). During sintering, cracks

form due to the shrinkage of the film as a result of solvents

evaporation.19–21 The difference in solvents’ evaporation

rates causes the film to be stressed and eventually crack. We

speculate that these cracks occur in the nano-paste as well,

causing an abrupt change in the resistance. Since these cracks

are permanent, the increase in the resistance is irreversible.

Figure 1(b) shows a clear resistance change between 6th and

14th min. After sintering, the mixed paste has the lowest re-

sistance, and the specific results are listed in Table I for com-

parison. However, the resistance tested by this measurement

is sensitive to thickness variation, and therefore, a four-point-

probe is subsequently utilized to accurately investigate the

electrical property.

Figure 2(a) shows the sheet resistance results of nano-,

micro-, and mixed pastes after sintering. The nano-paste has

a large resistance range at a high mean value. The challenges

faced while measuring the sheet resistance indicate the exis-

tence of large macrosized brittle failures in the sintered paste

surface. This is also an indirect indication that cracks occur

in the nano-paste during the sintering process, as the mixed

and micro-paste do not present such an abnormality. The

FIG. 1. (a) In-situ resistance change of micro-, nano-, and mixed paste. (b)

Resistance change between 6th and 14th min. Temperature ramps up from

room temperature to 230 �C in the first 10 min and remains at 230 �C for sin-

tering in the subsequent 10 min.

TABLE I. In-situ resistance and temperature results comparison.

Paste Densification temperature Resistance after sintering Crack

Micro-paste 150 �C 2.3 X No

Nano-paste 220 �C 1.8 X Yes

Mixed paste 140 �C 1.0 X No
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average sheet resistance of the micro-paste is 3.2 X/sq

while that of mixed paste is only 0.27 X/sq on average. The

higher conductivity is likely attributed to the high packing

density of the mixture which ensures high connectivity of

the particles. To further determine the optimal mixing ratio,

pastes with several other ratios are prepared and character-

ized. Figure 2(b) shows that the 1:3 (micro:nano) paste

sheet resistance is still out of the normal range. It is prob-

ably because the small amount of microparticles are not

sufficient to significantly alter the properties of the nano-

particle rich paste. The results of the other pastes fall within

the normal range, and the inset image shows the detailed

comparison. The 3:1 (micro:nano) paste has the lowest

sheet resistance as expected, whereas 9:1 has the highest

value which may correspond to the large porosity caused by

the insufficient quantity of nano-particles to fill the intersti-

tial of the micro-particles.

The samples are then inspected with scanning electron

microscopy (SEM). SEM images are utilized for visual analy-

sis in order to observe the porosity of different types of paste

and also to verify if the cracks occur in the nano- and 1:3

mixed pastes. Figures 3(a) and 3(b) show the surface mor-

phology of micro- and nano- paste, respectively. The micro-

paste displays large visible porous regions whereas clear

cracks are seen on the nano-paste surface. The 1:3 paste also

presents small cracks, but the 1:1 paste shows some improve-

ments with much reduced brittle cracks with a 22.1% porosity

as compared to the 27.8% in the micro-paste. The incomplete

sintering of the micro-particles may cause large porosity. In

terms of crack formation in the nano-paste, apart from the

evaporation rate differences, a high evaporation loss is also a

possible reason. This leads to a drying crack formation during

curing.

The images of the pastes in which the micro-particles

have a higher ratio than the nano-particles are shown in

Figure 4. The 3:1 paste is the most compact with a porosity

of only 13.6%. Due to the lack of nano-particles, the 9:1

paste is highly porous similar to the micro-paste with a high

porosity (Fig. 3(a)). The SEM images verify the preceding

crack formation hypothesis as discussed above and give the

FIG. 2. Sheet resistance of (a) nano-, micro-, and mixed paste (3:1). Inset:

comparison of micro-paste and mixed paste and (b) mixed paste with differ-

ent ratios. Inset: comparison of 1:1, 3:1, 6:1, and 9:1 mixed paste.

FIG. 3. SEM images (top-view) of (a)

micro-paste, (b) nano-paste, (c) 1:3

(micro:nano) mixed paste, and (d) 1:1

(micro:nano) mixed paste; porosity is

calculated by ImageJ image analysis

software.
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specific packing density results which are consistent with the

thermal and electrical characterizations.

Afterwards, we conducted die to wafer bonding to exam-

ine the copper particles paste mechanical reliability when

they are put into practical use. The die size is 5 mm� 5 mm,

and the substrate size is 2.5 cm� 2.5 cm. Both the silicon die

and wafer are sputtered with 50 nm Ti barrier layer and

500 nm Cu layer prior to bonding. Bonding was accomplished

pressure-free in N2 atmosphere at 200 �C, as targeted for low

temperature application, for 20 min and is allowed to cool

down naturally. Subsequently, the bonded dies were subject

to the shear test and the results are shown in Figure 5. An av-

erage shear bond strength of 0.7 MPa is achieved for the

mixed paste, which is higher than that of micro- and nano-

paste. This outcome agrees with the thermal and electrical

characteristics. Therefore, the mixed paste could be used in

Cu-Cu bonding such as Cu pillar to landing pad bonding with

a paste thickness in the range of 5–10 lm for low temperature

micro-joints application.

To understand the fundamental physics of the synergis-

tic effect of micro- and nano-particles during sintering and

reason for the crack formation in nano-paste, we analysed

the failure mode interface. It was found that samples

bonded with micro- and mixed paste fractured between the

particles whereas those with nano-paste was observed to

break at the interface, which could be regarded as a brittle

fracture. Therefore, the plastic-brittle transition should hap-

pen during nano-paste sintering. Due to smaller particle

size, they may form bodies attracted by the weak Van der

Waals force which is prone to exhibit a brittle transi-

tion.22,23 When particles undergo the sintering process, the

force between the particles could prevent cracks and inhibit

particles separation.24,25 Due to nano-particles agglomera-

tion, this strength would decrease.24 Hence, the nano-paste

displays plastic-brittle fracture transition rather than simple

voids. In addition, there is another parameter to evaluate the

cracks distribution called the Peclet number, which is pro-

portional to the particle radius. Experiments conducted by

Yamamura et al. gives us a reference that paste with high

Peclet number is less likely to have brittle crack.26 In con-

clusion, the nano-paste shows high sinter activity but suf-

fers from crack formation during drying at low temperature,

while the micro-paste shows sufficient drying but they form

only a low number of unstable sintering necks. Therefore,

trading off between the paste packing density and particle

size, which is in turn dependent on the mixture ratio, it

becomes vital to get a paste with no-cracks and displaying

an enhanced mechanical stability. Our experiments verified

that the copper particle mixture ratio 3:1 (micro:nano) is

suitable to obtain improved performance in actual experi-

ment, consistent with theoretical reports.27

During the mixed paste sintering, the differential evapo-

ration rate generates capillary stress to densify the paste. The

protective layer of the micro-particles would first evaporate

and then the particles begin to fuse. As the existing nano-

particles cluster, the inter-particle attraction between particles

FIG. 4. SEM images (top-view) of (a)

3:1 (micro:nano) mixed paste, (b) 6:1

mixed paste, and (c) 9:1 mixed paste.

FIG. 5. Shear bond strength of nano-, micro-, and mixed paste; bonding con-

dition is pressure-free 20 min in N2 atmosphere at 200 �C, with ramping rate

of 17 �C/min.
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would be stronger and porosity decreases. In addition, high

inter-particle potential link the nano-particles with micro-

particles rapidly and reduce the resistance. Chemical bond

formed between adjacent particles in this process is also a

possible reason to improve the mixed paste mechanical prop-

erty.28,29 This could be further investigated for complete

analysis.

In summary, the paste obtained by the 3:1 mixture of

copper micro- and nano-particles exhibits more than 50%

lower porosity as compared to micro-paste and no cracks are

observed. It has a lower densification temperature of only

140 �C and is thus ideal for low temperature sintering for

Cu-Cu micro-joint formation. In addition, an improvement

in electrical conductivity is also shown with a sheet resist-

ance of 0.27 X/sq, which is �12� lower than that of the

micro-paste. Therefore, this mixed paste that consists the op-

timum ratio of copper micro-particles and nano-particles is a

promising electronic material as 3D interconnects, highly

suitable for low temperature joints, RFID (Radio Frequency

Identification)30 and bonding application.
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