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A B S T R A C T   

Copper nanoparticles (CuNPs) sintering for flip-chip interconnects is a promising solution for 3D and hetero-
geneous integration to overcome the limitation of solder materials. To this end, we perform the photolitho-
graphic stencil printing method to pattern CuNPs, and the form of flip-chip interconnects is completed after 
CuNPs sintering process. This paper aims to study the effect of sintering processing parameters (time, pressure, 
temperature) on the mechanical properties of CuNPs bumps when applying the novel method to approach the Cu 
interconnects. We fabricated seven groups of specimens of sintered CuNPs bumps, built with a diameter of 100 
μm and sintered. The nanoindentation tests assessed the mechanical property to get Young’s modulus and 
hardness. Results clarify that Young’s modulus is strongly affected by pressure. An suggested combination of 
parameters (the 25 MPa and 260 ◦C for 15 min) give the highest modulus of 126 GPa and the hardness of 1.76 
GPa. Moreover, the observations by scanning electron microscopy (SEM) reveal the microstructure and porosity 
evolution versus different processing parameters.   

1. Introduction 

With the scaling down of transistors, investigation of interconnects 
and integration will produce more microelectronic functions on smaller 
substrates at lower costs in the recent semiconductor industry. Mean-
while, Moore’s Law of integrated circuits does not conform to the 
development of the microelectronics manufacturing industry [1]. The 
high-end system in package (SiP) and heterogeneous integration (HI) are 
the global solutions toward the “More than Moore” application [2]. In 
addition, chip-to-chip (C2C) and chip-to-wafer (C2W) are adopted to 
miniaturize the multi-functional integrated application [3]. The flip- 
chip bonding technology for C2C and C2W is wildly utilized as the 
basic building block of 3D stacking architecture. The decreasing inter-
connect size should undertake higher heat dissipation, current density, 
and thermal strain, which raises higher requirements in response to 
reliability. Solder materials have been widely used for flip-chip inte-
gration. However, solder materials’ low melting temperatures 
(220–255 ◦C) are currently challenging compatibility for harsh envi-
ronment applications [4,5]. Although, current nano copper formulations 
sintering temperatures are 200–260 ◦C, close to solder reflow temper-
atures, the sintering material has a high melting temperature and can 

survives in a high temperature environment [6]. In addition, the 
current-induced electromigration failures limit the current- and tem-
perature capacity in solder-based Cu μbump interconnects [7]. The nano 
copper materials having better electromigration resistance property and 
higher melting point than solder are considered a promising replace-
ment for solder material [8,9], referred to as “all-Cu interconnects” for 
improving reliability. 

Recently, nano copper sintering technology has been developed for 
flip-chip packaging but has been widely used in die-attach technology. 
For nanosilver sintering, shear strength is commonly used to charac-
terize the mechanical properties [10–12]. Similarly, Zhang et al. [13] 
studied the effect of the process parameter on the in-air sintering nano 
copper paste in high-power electronics. Maximum shear strength was 
obtained at in-air sintering parameters of 240 ◦C, 25 MPa, and 3 min, 
being 41.63 ± 4.35 MPa. Liu et al. [14] also investigated the influence of 
sintering parameters in the N2 atmosphere, and the best die shear 
strength was 116 MPa when the die was sintered at a temperature of 
250 ◦C and a pressure of 30 MPa for 3 min. The sintered CuNPs are 
mainly used as the die-attach materials in high-power devices. In the last 
decade, a few works investigated the mechanical reliability of CuNPs 
joint flip-chip through shear tests [15–17]. Moreover, the 
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microstructure-related mechanical properties of sintered CuNPs are 
crucial for studying interconnects in flip-chip integration. 

Nanoindentation is commonly used to investigate the mechanical 
properties of nanoscale materials. Some valuable information can be 
derived from the load-displacement curve, such as elastic modulus and 
hardness. As reported in [29], elastic modulus, yield stress and hardness 
are crucial in terms of mechanical reliability. Nanoindentation can be 
used as a measurement technique to assess all of these properties. The 
mechanical properties of nanoporous materials were characterized 
through the load-displacement curve by the nanoindentation test 
[18–21]. Fan et al. [22] reported the high-temperature deformation 
behaviors of sintered nano copper using the nanoindentation test. The 
continuous stiffness measurement (CSM) technique has recently signif-
icantly improved the traditional nanoindentation test, which can 
directly measure the dynamic contact stiffness and accurately observe 
the micro/nanoscale deformation during indentation loading [23]. 
Fakiri et al. [26] proposed that the mechanical properties of porous 
materials at micro- and nanoscale can be determined through nano-
indentation using the CSM method. The nanoindentation test enables 
multi-point testing of different CuNPs bumps on a sample with a specific 
sintering parameter to characterize the mechanical properties of the 
nanostructure. Once sintered at relatively low temperatures, the sin-
tered material properties approach that of the bulk materials, enabling 
the integration of high melting materials into chip assembly. 

In this study, nanoindentation tests are performed to investigate the 
mechanical properties of CuNPs bumps. Seven groups of specimens 
under different processing parameters, including sintering time, pres-
sure and temperature, are fabricated. An combination of processing 
parameters related to Young’s modulus and hardness is recommended. 
Based on the SEM observation and analysis of porosity, the relationship 
between microstructure evolution and processing parameters is revealed 
and discussed. 

2. Experimental section 

2.1. Cu nanoparticles 

In this study, an in-house produced CuNPs paste was applied to 
fabricate CuNPs bumps for flip chip integration. To characterize the Cu 
nanoparticles (NPs) before the sintering process, a thin layer of the 
CuNPs paste was first spread on the substrate and then dried for 15 min 
at 110 ◦C in the ambient. The morphology of Cu NPs was observed by 
scanning electron microscopy (SEM, FEI Helios G4 CX), as shown in 
Fig. 1a. The size distribution of as-treated CuNPs was counted on the 
SEM images using image processing software (ImageJ), as illustrated in 
Fig. 1b. The majority of CuNPs have a diameter of about 100 nm to 300 
nm with a quasi-spherical shape. Some adjacent NPs agglomerate 
together because the CuNPs have high activity. The composition of the 
CuNPs was investigated using EDX (ThermoFisher) to show the detailed 
information of the CuNPs paste. Fig. 1c shows the EDX results at the 

position indicated in the corresponding Fig. 1a, observing the NPs are 
predominantly copper and only a few oxygen elements (~3.46 wt%), 
which mainly originated from the organic additives inside the CuNPs 
paste. Therefore, the samples have not been oxidized during preserva-
tion and pretreatment. 

2.2. Test nano-copper bumps fabrication 

It is well known that stainless steel foils are commonly used as stencil 
masks to pattern paste-based materials in the industry. The product 
technique limits the pattern size of the conventional stencil. Therefore, a 
novel process called photolithographic stencil printing (LSP) enables the 
patterning and definition of CuNPs patterns at the wafer level, with the 
advantages of high throughput and high resolution. During LSP process, 
the photoresist acts as the stencil mask, and a photoresist lift-off process 
is applied to remove the photoresist stencil and excess nano-Cu paste. 

To implement the flip chip interconnects, we designed an array of 
200 μm pitch CuNPs interconnects with a diameter of 100 μm on 10 ×
10 mm dies. We prepared a double-side polished 500 μm silicon (Si) 
wafer, and the sample fabrication process is illustrated in Fig. 2. The Si 
wafer was first insulated with 300 nm low-pressure silicon nitride (SiNx) 
by low-pressure chemical vapor deposition (LPCVD) to protect the Si 
substrate from copper diffusion. Then, a 300 nm Cu conductive layer 
and a 2/25 nm Ti/TiN adhesion layer were deposited on the prepared Si 
wafer using sputtering deposition (Trikon Sigma 204 Dealer). Subse-
quently, a 10 μm positive photoresist (AZ-12XT) was spin-coated on the 
substrate. The photoresist was exposed (ASML PAS 5500/80 wafer-
stepper) and developed to obtain an array of opening holes with a 
diameter of 100 μm, as shown in Fig. 2c. Then, a small quantity of nano- 
Cu paste was dispended and manually distributed by a silicon squeegee 
on the test wafer. The test wafer was dried in an oven at 80 ◦C for 10 min 
for the next step. The step in Fig. 2d and e was repeated to improve the 
uniformity of patterned CuNPs, a small additional amount of CuNPs 
paste was evenly applied again on the test wafer to dry at 110 ◦C for 10 
min. 

In the subsequent photoresist lift-off process, the prepared wafer was 
immersed in N-methyl-2-pyrrolidone (NMP) and stirred at room tem-
perature to strip the photoresist. After rinsing with DI water and drying 
steps, the 100 μm nano-Cu bumps array remained on the substrate of the 
process wafer. The resulting wafer after LSP process was diced into 10 ×
10 mm2 chips, and the remaining CuNPs bumps were observed and 
estimated using the 3D profilometer (Keyence VK-X250). 

2.3. Sintering of CuNPs bump 

This study fabricated the stack-integrated samples with CuNPs 
bumps for sintering process investigation. The bare Si wafer was diced 
into 6 × 6 mm2 dies, called dummy dies, which were then flipped and 
placed onto 10 × 10 mm2 chips with CuNPs patterns under microscopy 
for alignment. A wafer bonder (AML-AWB-04 waferbonder) performed 

Fig. 1. (a) SEM image of CuNPs in this study, (b) size distribution of the CuNPs indicating in (a) and (c) EDX results of the CuNPs.  
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the pressure-assisted sintering process in a high vacuum environment 
(~1 × 10− 3 mbar) to prevent oxidation of CuNPs. Fig. 3a depicts a 
schematic of the cross-section of the flip chip bonding setup for CuNPs 
interconnects. The top and bottom bonding plates applied sintering 
temperature (220–300 ◦C), sintering time (15–60 min) and sintering 
pressure (20–30 MPa) to seven stacking dies, respectively. The design of 
experiment (DOE) for the pressure-assisted sintering process in this 
study is shown in Table 1. After the sintering process, since no sintering 
phenomena occurred at the interface between the Si top die and the 
CuNPs on the surface of the CuNPs bump, the top Si die was easily peeled 
off from the bottom die and the CuNPs bumps were retained, as illus-
trated in Fig. 3b. Finally, the resulting samples with sintered CuNPs 
bumps were used for the nanoindentation test. 

2.4. Nanoindentation test 

The traditional nanoindentation test displays a typical load- 
displacement curve, as in Fig. 4a, with the load and unload perfor-
mance. The hardness and the elastic modulus are the mechanical 
properties measured using nanoindentation. The diamond tip is pressed 
into the surface of a sample; meanwhile, plastic and elastic deformation 
occurs. During loading, the shape of the tip and indentation depth de-
termines the contact area to calculate the hardness of materials. When 
unloading the tip, the elastic deformation is recovered. According to the 
load-displacement curve, the hardness can be derived from the peak 
load Pmax: 

H =
Pmax

A
(1)  

where A is the projected area of the contact surface as a function of the 
contact depth hc and the shape of tip as: 

A = f (hc) (2)  

hc = hmax − S(hmax − hr) (3)  

where hmax and hr are the maximum indentation depth and the final 
depth after complete unloading, as shown in Fig. 4b. S represents the 
contact stiffness at the initial unloading, which is defined as the slope of 
the initial unloading curve. The elastic modulus can be derived from the 
contact stiffness as follows 

S = 2β
̅̅̅
A
π

√

Er (4)  

where β is the geometric constant of the indentor [27] and Er is the 
reduced elastic modulus, which is related to elastic modulus E and 
Poisson’s ratio ν, as the following relationship: 

Er =
1 − ν2

E
+

1 − νi
2

Ei
(5) 

For the diamond Berkovich indenter, Ei = 1141 GPa, νi = 0.07 and β 
= 1.034 [28], as well as the projected area A is given by 24.56h2

c . 
Compared to the conventional method of determining stiffness from 

the slope at the top of the unloading curve, CSM significantly enhances 
the nanoindentation test. The advantage of the CSM mode is that the 
contact stiffness can be measured continuously in one loading experi-
ment without needing an unloading process. The contact stiffness at any 
loading point can be deduced by analyzing the system’s dynamic 
response. And the time constant of CSM is at least three orders of 
magnitude lower than traditional methods [23]. The CSM is conducted 
by applying harmonic forces to the nominally increasing load on the 
indenter, as illustrated in Fig. 4c. 

In this study, the nanoindentation test was conducted in the Nano 

Fig. 2. An overview of the patterns transferring process using photolithography screen printing on photoresist mask and sequential lift-off process.  

Fig. 3. Schematic of CuNPs pressure-assisted sintering bonding process and the 
fabrication of the samples for nanoindentation test. 

Table 1 
Design of experiment for sintering process parameter study.  

Nr. Pressure (MPa) Temperature (◦C) Time (min)  

1  20  300  60  
2  20  300  30  
3  20  300  15  
4  20  260  15  
5  15  260  15  
6  25  260  15  
7  20  220  15  
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indenter G200, which is equipped with a diamond Berkovich tip 
indenter at room temperature. The nanoindentation test was performed 
on the surface of sintered CuNPs bumps under different sintering con-
ditions using the same process to study the sintering process parameters. 
For each sintering process parameter according to DoE, three CuNPs 
bumps on the same substrate were selected, indented and measured at 
one position of each bump. For the characterization of the surface CuNPs 
materials to achieve the improved nanoindentation test results, the CSM 
mode was applied during measurement and the indentation distance 
was set from 0 μm to 2 μm into the surface, using a surface approach 
velocity of 10 nm/s, a harmonic displacement of 2 nm and a frequency of 
45 Hz. The Possion’s ratio is set to 0.3 for calculation. Finally, the effect 
of the sintering process parameters on the nanoindentation performance 
was investigated and analyzed by the load-displacement curve and the 
measured hardness, contact stiffness, and Young’s modulus. 

3. Results and discussion 

3.1. Test CuNPs bumps inspection 

To inspect and compare the morphologies of CuNPs bumps after LSP 

and sintering processes, a 3D optical and laser profiling analyzer com-
bined with a 3D profilometer (Keyence VK-X250) were used to charac-
terize the as-printed and sintered CuNPs bumps. Fig. 5a and b shows the 
2D optical images and 3D laser image of the as-printed CuNPs bumps. It 
is observed that most of the CuNP bumps present a circular shape and 
the same pitch, although there are still some nano copper clusters 
attached to the bumps. The good patterns after the LSP process will 
promise the success in the following sintering process. Besides, to esti-
mate and compare the average height of the CuNPs bumps, ten profile 
lines at intervals of 1.5 μm on a row of non-sintered and sintered CuNPs 
bumps were characterized and averaged, respectively, which are indi-
cated by the blue lines in Fig. 5a and d. Fig. 5c shows the height dis-
tribution measured from 3D profilometer of the as-printed CuNPs bumps 
indicated by the blue line in Fig. 5a. It is observed that almost all the as- 
printed bumps present a valley shape. On the one hand, the solvent was 
evaporated due to the drying progress under 110 ◦C (Fig. 2e), which 
caused the shrinkage of the CuNPs bump. On the other hand, the 
boundary of the CuNPs bumps was squeezed by the thermal expansion of 
the photoresist. Figs. 5d and e shows the surface morphologies of the 
CuNPs bumps sintered at 260 ◦C with a pressure of 15 MPa for 15 min 
(sample 5). It is seen from Fig. 5e that the surface of the sintered CuNPs 

Fig. 4. (a) A typical load-displacement curve, (b) schematic of the deformation of the sample during and after indentation [27] and (c) a sketch of the CSM 
loading cycle. 

Fig. 5. Inspection of CuNPs bump sintered at 260 ◦C for 15 min with different pressure of (a)–(e) 15 MPa and (f) 25 MPa. (a) and (b) represent the top view of 
microscopy image for the sample before and after sintering, (b) and (e) represent 3D image of CuNPs bumps before and after sintering, (c) and (f) represent the profile 
of the CuNPs bumps sintered at 15 and 25 MPa, showing the profile before and after sintering in red and blue lines. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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bumps is more smooth than the as-printed CuNPs bumps in Fig. 5b. 
Fig. 5c shows the height distribution of the CuNPs bumps after the 

sintering process, where the blue lines represent the profile of non- 
sintered and sintered CuNPs bumps, respectively. Obviously, the 
CuNPs bumps show almost the same height after the sintering process, 
which is caused by the compressive stress during the sintering process. 
For as-printed bumps, the highest height point on the top surface is 
selected to calculate the average height of the CuNPs bumps. The 
average heights of as-printed and sintered CuNPs bumps are around 
15.18 μm and 6.19 μm and the height deviation is 1.65 μm and 0.18 μm, 
respectively. The height of sintered CuNPs bumps is only 59.22 % of the 
height of as-printed CuNPs bumps. Fig. 5f compares the average height 
profile of the CuNPs bumps (sample 6, sintered at 260 ◦C, 25 MPa, 15 
min) with sample 5. It is observed that as the pressure increase to 25 
MPa, the average height of as-printed and sintered CuNPs bumps are 
around 14.63 ± 1.54 μm and 5.55 ± 0.16 μm, respectively. The height of 
the CuNPs bumps is reduced by 62.08 % after sintering. It can be seen 
that the higher sintering pressure leads to higher compressibility. 

3.2. Nanomechanical analysis of sintered CuNPs 

To investigate the micro-scale mechanical properties of the CuNPs 
bumps, the CSM nanoindentation tests were performed under different 
maximum indented depths. Fig. 6 shows the stiffness-displacement 
curves of CuNPs bumps with different sintering parameters. Three 
groups of CSM nanoindentation tests were repeated for each sintering 
parameter. Fig. 6a–c presents the effects of sintering time, temperature, 
and pressure on the contact stiffness, respectively. For each group, a 
clearly aligned contact stiffness curve is selected to indicate the micro- 
scale mechanical properties of the sintered CuNPs material. Fig. 6d–f 
shows the performance of Young’s modulus as a function of indented 
depth for the sintered CuNPs bumps. As reported by Li and Bhushan 
[23], the uniform material shows a linear relationship between indented 
depth and contact stiffness. This means that as the material becomes 
progressively harder, the contact stiffness increases with an ascending 

slope when the contact depth increases. On the contrary, for a pro-
gressively softer material, the contact stiffness rises with a decreasing 
slope with increasing contact depth. Fig. 6a shows the contact stiffness 
of sintered CuNPs bumps with different sintering time (15, 30, 60 min) 
under 20 MPa and 300 ◦C. For the samples sintered for 60 min, the slope 
of the contact stiffness decreases rapidly, while Young’s modulus de-
creases with the contact depth, as shown in Fig. 6d, which indicates that 
the sintered CuNPs become softer from the surface to the deep location. 
In the cases of the samples sintered for 15 min and 30 min, the contact 
stiffness slope increases slightly with the contact depth, and Young’s 
modulus has the same trend shown in Fig. 6d. It can be concluded that 
the samples sintered for 15 and 30 min present better homogeneity 
compared to the sample sintered for 60 min. To study the effect of sin-
tering pressure and temperature on contact stiffness and Young’s 
modulus, some samples were sintered at 260 ◦C for 15 min with different 
pressure (15, 20, and 25 MPa), and the other samples were sintered for 
15 min with 20 MPa at different temperatures (220, 260, and 300 ◦C). 
Fig. 6b shows the relationship between contact stiffness and indented 
depth under 15, 20, and 25 MPa. It is shown that both the contact 
stiffness and Young’s modulus increase when the sintering pressure in-
creases from 15 MPa to 25 MPa. However, when the sintering temper-
ature increased from 220 ◦C to 300 ◦C, the contact stiffness and Young’s 
Modulus did not show a dependence on temperature. 

Fig. 7 shows Young’s modulus (black) and hardness (red) of the 
sintered CuNPs bumps under different process parameters. Fig. 7a il-
lustrates the effect of sintering time (15, 30, 60 min) on modulus and 
hardness. First, Young’s modulus remains at the same level of 116 GPa 
when the sintering time increases from 15 to 30 min; meanwhile, the 
hardness drops from 1.74 GPa to 1.59 GPa. Then, when the sintering 
time increases to 60 min, Young’s modulus drops to 92 GPa, and the 
hardness increases to 1.77 GPa. It is reported that the modulus decreases 
continually when the sintering temperature is set at 300 ◦C, which is 
attributed to the softening behavior between 200 and 300 ◦C [24]. As 
reported, the hardness of pure copper remains unchanged under 
annealing at 200 ◦C, however, it reduces significantly after 300 ◦C 

Fig. 6. Contact stiffness and modulus as a function displacement into the surface of CuNPs bumps with different (a) and (d) sintering temperatures of 15, 30, 60 min, 
(b) and (e) sintering pressure of 15, 20, 25 MPa, (c) and (f) sintering temperature of 220, 260, 300 ◦C. 
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annealing. The longer annealing time causes a more significate decrease 
in hardness. Young’s modulus and hardness are to some extent coupled, 
so Young’s modulus for the sample sintered with 60 min is lower than 
other samples. However, there is an increase in hardness for the sample 
sintered with 60 min. 

Fig. 7b displays the effect of sintering temperature on Young’s 
modulus and hardness of sintered CuNPs. The evolution of modulus and 
hardness exhibits a similar trend under different temperatures. When 
the sample was sintered at 220 ◦C, it presented that the average values of 
the modulus and hardness are 101 GPa and 1.59 GPa, respectively. 

Fig. 7. The effect of sintering time of (a) 15, 30, 60 min, sintering temperature of (b) 220, 260, 300 ◦C and sintering pressure of (c) 15, 20, 25 MPa on the modulus 
and hardness. 

Fig. 8. (a) and (b) The SEM image of CuNPs bumps before sintering, (c)–(e) the SEM image of CuNPs sintered at 15 MPa and 260 ◦C for 15 min and (f) the SEM image 
of indentation test point. 
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When the sintering temperature increases to 260 ◦C, the modulus 
significantly improves, reaching 114 GPa with a 14.0 % increase rate, 
and the hardness is measured to be from 1.59 GPa to 1.65 GPa. With 
further increasing the sintering temperature to 300 ◦C, the result does 
not improve substantially in both modulus and hardness. At 300 ◦C, the 
modulus only slightly increases to 116 GPa, representing an increase 
rate of 1.8 %, while the hardness reaches 1.74 GPa, indicating a 5.5 % 
increase rate. Based on the above results, we selected the sintering 
temperature of 260 ◦C to investigate the effect of different pressures. 

Fig. 7c shows the relationship among sintering pressure, Young’s 
modulus and hardness. As the sintering pressure increases from 15 MPa 
to 20 MPa, Young’s modulus remains constant at 114 GPa. Simulta-
neously, the hardness of the material increases from 1.54 GPa to 1.65 
GPa. When a higher pressure of 25 MPa is applied, the modulus signif-
icantly increases to 126 GPa, corresponding to a 10.5 % increase. 
Compared to 128 GPa for bulk Cu, the sample sintered at 25 MPa is 
reasonable and approaches the ideal situation [25]. Additionally, the 
hardness at this pressure reaches 1.76 GPa. As discussed above, we 
achieved the highest modulus with 25 MPa pressure-assisted sintering at 
260 ◦C for 15 min, based on the average value of modulus. 

Actually, Young’s modulus is highly determined by the microstruc-
ture of the sintered CuNPs. In this study, the sintering parameters 
(260 ◦C, 25 MPa) is recommended for this novel processing as sintered 
CuNPs under such temperature and pressure give stable and high 
Young’s modulus and hardness. Meanwhile, the sintering time of 15 min 
is recommended for this processing. On the one hand, Young’s modulus 
remains almost the same with the sintering time of 15 and 30 min. On 
the other hand, the less time will help to enhance the high throughput of 
packaging based on this processing. 

3.3. Micro- and nanostructural analysis of sintered CuNPs 

A Hitachi Regulus 8230 scanning electron microscope (SEM) was 
used to observe the micro- and nanostructure of CuNPs. Fig. 8a and b 
shows the SEM images of the non-sintered CuNPs array at different 
magnifications. It can be observed that the patterned CuNPs bumps have 
regular round shapes and smooth edges, corresponding to the photore-
sist mask after photolithography, as indicated in Fig. 2c. There are only a 
few bright copper nanoparticles on the substrate, which is due to the fact 
that the organic residue (NMP) with dissolved nanoparticles was not 
rinsed clean enough by deionized water after the lift-off process. These 
remaining CuNPs are bare; hence, there are no interconnects between 
neighboring CuNPs bumps. Consequently, the pattering process is 
completed successfully. 

Fig. 8c and d shows the top view of sintered CuNPs bumps on a 
sample sintered at 15 MPa and 260 ◦C for 15 min (sample 5) after the 
dummy die peeled off from the substrate chip. Since the top dummy die 
is bare silicon, the CuNPs cannot be sintered on the silicon interface and 
can be detached easily. Peeling off the top die does not influence the 
CuNPs bump substrate. It can be observed from Fig. 8d that a central 
relatively dark area and a brighter edge area refer to the sintered and 
unsintered areas of CuNPs, respectively, which is caused by the 
compression of the uneven surface during sintering process. The surface 
of sintered CuNPs is illustrated in higher magnification in Fig. 8e, on 
which the indenter was imprinted to measure the CSM nanoindentation. 
It can be observed that the CuNPs on the upper surface are still quasi- 
spherical and constitute a porous network structure with the forma-
tion of sintering necks between adjacent CuNPs. The SEM image of the 
indentation spot on sample 5 is shown in Fig. 8f. As reported [26], a 
rapid change occurs at the beginning of the indentation measurement 
due to the observed compaction phenomenon until about 200 nm of 
penetration. The measurement data of nanoindentation were not stable 
near the surface of the CuNPs bumps, so we used the average data of the 
mechanical properties of CuNPs bumps from 0.2 μm of penetration of 
the indenter to the depth. 

The cross-section of the sintered CuNPs bump on sample 5 (15 MPa, 

260 ◦C, 15 min) was obtained by using focused ion beam milling (SEM- 
FIB, FEI Helios G4 CX), as illustrated in Fig. 9a. It is observed that sin-
tered CuNPs is a porous structure and the formation of the sintering neck 
establishes a network on the cross-section. Nanoparticles were com-
pressed in the vertical direction. The composition of the sintered CuNPs 
was analyzed using EDX to evaluate the oxygen content of the sintered 
CuNPs bump on sample 5. Fig. 9b shows the EDX result at the position 
indicated in the corresponding location in Fig. 9a. It is observed that 
there is only a small amount of oxygen, which is attributed not only to 
the residual organic additives but also to a slight surface oxidation on 
individual CuNP at the vacuum atmosphere. As a result, oxidation is not 
significantly detrimental to the sintering process, and vacuum sintering 
conditions are feasible for flip-chip interconnects. 

Fig. 9c shows the SEM-FIB image of the cross-section for sample 1, 
which was sintered at 20 MPa, 300 ◦C for 60 min, leading highly sintered 
structures and extremely low porosity. It is observed that the CuNPs are 
almost a polycrystalline copper material. This sintering parameter 
combination can promote densification and reduce porosity in the sin-
tered material. However, as discussed in the previous section, copper 
will present softening effect at the temperature of 300 ◦C, and the 
hardness has been enhanced when the sintering time increases from 15 
to 30 min. As indicated by the red curve in Fig. 7a, the hardness of this 
sample was higher than those samples sintered for 15 and 30 min. 

3.4. Electrical conductivity of sintered CuNPs 

Electrical conductivity is essential for interconnect application of 
sintered CuNPs. An individual CuNPs bump on sample 5 (15 MPa, 
260 ◦C, 15 min) was characterized in this study to measure the re-
sistivity. The schematic of the four-point measurement setup is shown in 
Fig. 10a. Voltage was applied to the top left and right edge of the bump. 
Meanwhile, the voltage difference can be measured by landing the 
probes on the bottom left and right edge of the bump, and the current on 
the top-side contact can be characterized to eliminate contact resistance. 
A force voltage was applied to the CuNPs bumps sweeping from − 0.5 to 
0.5 V. The I-V characteristics are plotted in Fig. 10b, where the mea-
surement data are fitted as a lineal relationship between voltage dif-
ference and force current. The measured resistance was extracted as 
3.28 mΩ. Then, the resistivity of sintered CuNPs bump was derived 
from: 

ρ = 4.532 • t • R (6)  

where t is the thickness of sintered bump, combined with the previously 
mentioned thickness of the bumps on sample 5 as 6.19 μm. R presents 
the measured resistance as 3.28 mΩ, extracted from the I-V curve. The 
resistivity of sample 5 is 9.2 × 10− 6 Ω⋅cm, which is 5 times of the bulk Cu 
of 1.7 × 10− 6 Ω⋅cm due to its porous structure and slight oxidation. The 
resistivity of sintered CuNPs is related to their porosity and indicates the 
sintering quality. As a result, it can be concluded that the sintering 
parameter of sample 5 is feasible for the flip-chip interconnects in the 
aspect of electrical conductivity. 

4. Conclusion 

In this study, firstly, we developed a novel CuNPs patterning method 
for flip chip integration fabrication. The thickness of CuNPs in-
terconnects bumps was determined by the photoresist thickness during 
the LSP process and the sintering parameter. The higher applied sin-
tering pressure induced the higher compression of sintered bumps. The 
LSP process enables more freedom in the form of factor and thickness for 
CuNPs interconnects, which will contribute to the fabrication of dedi-
cated stress relive structures. Then, the mechanical properties of CuNPs 
material under different sintering parameters were evaluated by using 
CSM nanoindentation. Young’s modulus and hardness were utilized to 
assess the homogeneity and the strength of sintered material. The less 
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sintering time was beneficial to achieve a homogenous material and 
increased the productivity in the industry. The sintering temperature 
was adjusted to reach a suitable temperature of 260 ◦C. The increasing 
sintering pressure improved the sintering neck formation to strengthen 
the hardness of sintered CuNPs material. The combination of sintering 
parameters at 260 ◦C, 15 min, and 25 MPa is recommended, not only 
because it yields the highest Young’s modulus of 126 GPa but also due to 
its high throughput during fabrication. Moreover, the sintered CuNPs 
have a nanoporous structure with slight oxidation. Therefore, they are 
more ductile than bulk Cu. In addition, the resistivity of sintered CuNPs 
was 9.2 × 10-6 Ω⋅cm, which is 5 times of the bulk state. Therefore, these 
experiments revealed the optimal sintering parameter for CuNPs as an 
interconnect material and provided a high-throughput solution for 
CuNPs bumps patterning in the flip chip integration application. 
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