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Abstract: Nano silver (Ag) film was used as the bonding material. High quality bonding layers with low porosity (1.2% ~1.4%)
were obtained when applying sintering pressure of 5~10 MPa at 250 <C. The microstructure of the sintered layers was
investigated by deep-etching method in comparison with the bulk Ag. The results reveal that the deep-etched morphology of
the sintered layer is quite different from that of the bulk Ag. Micron-scale polyhedral Ag grains are observed in the
deep-etched morphology of the sintered layers. The grain size and the area of the interfaces between these polyhedral Ag
grains change as the sintering pressure increases from 5 MPa to 10 MPa, which is considered as the dominate factor affecting
the bonding properties of the sintered layers. As the sintering pressure increases from 5 MPa to 10 MPa, the shear strength of

the pressure-assisted sintering specimens is improved.
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The third-generation semiconductor materials such as
SiC and GaN lead to the fast development of power elec-
tronics™ !, and bring a higher requirement on the bonding
technology of power chips®™ ®. Due to reliability concerns,
traditional bonding methods, such as lead-free soldering
and adhesive bonding, are not suitable for high power and
high temperature applications!”. Because of the ability of
serving at high temperature, silver (Ag) sintering is consi-
dered as a promising method to the assembly of power
chips'*®*?. Since Ag sintering is a non-melting bonding
process, the bonding performances are highly suppressed by
the pores in the layer!™®. Researchers tried to improve the
sintering quality by adding extra forces such as electrical
current, ultrasonic, and mechanical forces, among which
pressure-assisted Ag sintering is considered as an effective
bonding method. Yu et al™™ reported that the shear strength
of the Ag sintering layer is enhanced by increasing the sin-
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tering pressure during the sintering process. However, the
mechanism causing the bonding enhancement by increasing
sintering pressure is still not clear. Therefore, deep-etching
technique was used in this study to investigate the micro-
structure of the sintering layer and to discuss the effect of
sintering pressure on the microstructure and the shear
strength of pressure-assisted Ag sintering bonding.

1 Experiment

The sintering material was a nano Ag film with the
thickness of 65 pum (provided by ALPHA). The optical
morphology of the Ag films used in this study is shown in
Fig.1. The high accuracy sintering equipment (Sinterstar)
was provided by Boschman Technologies B.V. In order to
investigate the morphological transformation of the nano
Ag particles, the Ag film was heated at 250 <C for 3 min.
The morphology and the constituent of the Ag film before
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and after pressure-less sintering were characterized by
scanning electron microscope (SEM) and X-ray diffraction
(XRD), respectively. To investigate the effect of sintering
pressure on the microstructure and shear strength, dummy
dies (9.4 mmx 9.4 mmxL.2 mm) were sintered onto the
substrates (13.6 mmx13.6 mm>2 mm) at 250 <C for 3 min
under the sintering pressure of 5 and 10 MPa. Here the
dummy dies and the substrates were molybdenum (Mo)
plates with 5 pm Ag-coated layers on their surfaces.
Cross-sectional morphology and constituent of the bonding
layers were studied by SEM and energy dispersive spec-
trometer (EDS), respectively. To investigate the morpholo-
gy of the microstructure, bonding layers as well as bulk Ag
were  deep-etched using an  etching  solution
(1%HCL+1%HNO;+98%CH;COOH). By this method, the
specimen was etched very deeply at the interfacial areas
between the Ag grains. The obtained three-dimensional
morphology is helpful for the better understanding of the
sintering mechanism in this study. The shear strength of the
specimens was evaluated by the Instron 5569 mechanical
tester at the shear speed of 0.3 mm/min.

2 Results and Discussion

The SEM micrographs of the nano Ag particles on the
films can be observed in Fig.2a and 2b. As shown in the
figure, the Ag film shows a nest-like microstructure. Here
the grain sizes of the nano Ag particles are 50~200 nm and
these nano particles are connected dendritically. XRD pat-
terns in Fig.3 indicate that the corresponding crystal plane
index of the film is (111), (200), (220), (311) and (222). In

order to investigate the morphological transformation of the
nano Ag particles, the Ag film was heated at 250 <C for 3
min. As shown in Fig.3, the heating process has a limited
effect on the XRD patterns. Meanwhile, as presented in
Fig.2c and 2d, the morphology of the heated film is similar
to the original one shown in Fig.2a and 2b. Compared with
the microstructures in Fig.2b and 2d, the grain sizes of the
nano Ag particles in the film are larger after the sintering
process. Therefore, the pressure-less sintering process has a
limited effect on the morphology and the constituent of the
Ag film, but leads to the growth of the nano Ag particles.
Fig.4a shows the cross-sectional SEM micrograph of the
pressure-assisted sintered specimen under 5 MPa at 250 <C
for 3 min. Based on the results of EDS spectra in Fig.4b and
4d, the constituent of each layer in Fig.4a is clear. Here the
top and the bottom layers are dummy die and substrate Mo,
respectively. The dark layer next to the Mo layer is the Ni
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Fig.1 Nano Ag films on the Mo substrates

Fig.2 SEM images of nano Ag film before (a, b) and after (c, d) pressure-less sintering at 250 <C for 3 min
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and Cu coated layers on the Mo plates. Here the total
thickness of the Ni and Cu layers is about 2 um. The layer
next to the Cu layer is the Ag-coated layer with the thick-
ness of 5 um at the surface of the Mo plate. The Ag sintered
layer can be observed at the central area in Fig.4a. Accord-
ing to the magnified micrograph of the sintered Ag layer, as
shown in Fig.4c, the pressure-assisted sintered layer shows
a much more condensed microstructure than the pres-
sure-less sintered layer in Fig.2c. It is obvious that sintering
pressure plays an important role in the bonding and densi-
fication of the nano Ag film.

Fig.5a shows the deep-etched morphology of the Ag lay-
ers sintered under 5 MPa. Compared to Fig.4a, the etched
specimen shows a much more different morphology be-
cause the Ag at the interfacial areas is etched and removed
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Cross-sectional SEM morphologies and EDS analysis of the pressure-assisted sintering specimen: (a) SEM image, (b) EDS

line-scan result, (c) magnified sintered Ag layer, and (d) EDS spectrum of the sintered Ag layer

during the etching process. The magnified micrograph of
the etched sintered layer is shown in Fig.5b. As shown in
the figure, polyhedron Ag grains can be observed. Here the
average size of the polyhedron grains is about 1.7 pym. And
these grains show hollow appearances. According to the
morphology of the sintered layer without deep-etching in
Fig.4c, the holes inside the polyhedron grains are suggested
to be the etched areas instead of the pores formed after the
sintering process. Fig.5c and 5d show the deep-etched
morphology of the sintered Ag layers under 10 MPa. Poly-
hedron Ag grains also appear in the etched micrograph.
However, the average grain size of the micron-scale poly-
hedron Ag grains in the specimen under the sintering pres-
sure of 10 MPa is smaller than under 5 MPa. Further mag-

nified micrograph, as shown in Fig.5e, reveals that these
micron-scale polyhedron Ag grains are formed by nano Ag
grains with the size of 50 nm approximately.

Literatures have reported that increasing sintering pres-
sure promotes the densification of Ag-sintered layers™> .
As shown in Fig.5a and 5c, the sintered Ag layer under 10
MPa exhibits lower thickness than under 5 MPa. Therefore,
the polyhedron Ag grains under higher sintering pressure
are condensed and show smaller grain size. Similar pheno-
menon has been obtained by Shao et al™” whose study
showed that increasing sintering pressure leads to an de-
crease in the grain size of nano ZnO sintered layers.

In order to analyze the microstructure of the sintered Ag
layers, bulk Ag was also deep-etched in comparison. The
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Fig.5 Deep-etched morphology of the Ag layers sintered under 5 MPa (a, b) and 10 MPa (c~¢)

morphology of the etched bulk Ag is shown in Fig.6. It is
clear that the deep-etched morphology of the bulk Ag is
quite different from that of the sintered Ag layers. As shown
in Fig.6a, the microstructure of the bulk Ag is composed of
the Ag grains which are less than 1 pm. The magnified view
in Fig.6b indicates that these grains are formed of nano Ag
grains. Compared with the deep-etched microstructure in
Fig.5, it is obvious that the microstructure of the sintered
layer is different from that of the bulk Ag. This is because
the forming mechanism of the sintered Ag layer differs
from that of the bulk Ag. The sintered Ag layer is obtained
mainly due to the deformation and the solid diffusion of the
nano Ag particles. Higher sintering pressure provides high-
er energy for the deformation and the diffusion of the nano
Ag particles, thus forming smaller polyhedron Ag grains.
However, as shown in Fig.5 and Fig.6, the sintered layer
does not have a microstructure as fine as the bulk Ag. This
is considered as a reason why the comprehensive properties

of the sintered layer are not as good as that of the bulk Ag.

Fig.7 shows the thickness, porosity, grain size, and the
shear strength of the pressure-assisted sintered Ag layers
under 5 and 10 MPa. As the sintering pressure increases
from 5 MPa to 10 MPa, the thickness of the sintered layer
decreases from 20.3 pm to 19 pm. Meanwhile, the porosity
in the sintered layer decreases from 1.39% to 1.29%. Al-
though the porosity of the sintered layers has little change
due to the increase of the sintering pressure, the shear
strength of the sintering specimen is significantly enhanced
from 44.19 MPa to 69.41 MPa, as shown in Fig.7d.

The morphologies of the shear fractures are shown in
Fig.8. As presented in Fig.8a and 8c, the shear fractures
appear at both the Ag sintered layer and the sintered inter-
face between Ag and coating layer. Meanwhile, the frac-
tures transfer from the Ag sintered layer to the sintered in-
terface due to the increase of sintering pressure. It means
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Fig.6 Deep-etched morphology of the bulk Ag
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Fig.7 Thickness (a), porosity (b), grain size (c), and shear strength (d) of the pressure-assisted sintering Ag layers under 5 and 10 MPa
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Fig.8 SEM images of the shear fractures sintered under 5 MPa (a, b) and 10 MPa (c, d)

that the strength of the Ag sintered layer is enhanced with

the increase of the sintering pressure from 5 MPa to 10 MPa.

Fig.8b and 8d show the magnified morphologies of the
fracture in the Ag sintered layers. Clear Ag grains on the

shear fracture can be observed, as shown in Fig. 8b. In con-
trast, the shear fracture under 10 MPa shows ductile mor-
phology in Fig.8d. According to the results and discussion
of the deep-etched microstructure, the increase of the sin-
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tering pressure promotes the refinement of the polyhedron
Ag grains. The average grain size of the micron-scale po-
lyhedron Ag grains decreases from 1.78 pum to 1.06 um. The
refinement and densification of the polyhedron Ag grains
are considered as the dominant factor improving the bond-
ing strength.

3 Conclusions

1) High quality Ag sintered layers with low porosity
(1.2% to 1.4%) can be obtained using a nano Ag film under
the sintering pressure from 5 MPa to 10 MPa.

2) Micron-scale polyhedron Ag grains are observed in the
sintered Ag layers by a deep-etching method. The interfaces
between these polyhedron Ag grains are the key factor af-
fecting the properties of the low porosity sintered layers.

3) By applying higher sintering pressure, the size of the
polyhedron Ag grains decreases and the area of the inter-
faces between these polyhedron Ag grains increases. This is
considered as the dominate reason for the improvement of
the bonding strength of the sintered layers.

References

1 Okumura H. MRS Bulletin[J], 2015, 40(5): 439

2 Cui Zhen, Li Enling. Rare Metal Materials and Engineering [J],
2018, 47(1): 43

3 Lee H, Agonafer D D, Won Y et al. Journal of Electronic
Packaging[J], 2016, 138(1): 109 07

4 Kim M, Seo J H, Singisetti U. Journal of Materials Chemistry
Cl[J], 2017, 5(33): 8338

5 Gleissner M, Bakran M M. IEEE Transactions on Industry

10

11

12

13

14

15

16

17

Applications[J], 2016, 52(2): 1785

Liu Y, Zhang H, Wang L et al. IEEE Transactions on Device
and Materials Reliability[J], 2018, 18(2): 240

Mei Y, Chen G, Cao Y et al. Journal of Electronic
Materials[J], 2013, 42(6): 1209

Liu Y, Zhao J, Yuan C C et al. IEEE Transactions on
Components, Packaging and Manufacturing Technology[J],
2014, 4(11): 1754

Gross D, Haag S, Reinold M et al.
Engineering[J], 2016, 156: 41

Nishikawa H, Liu X, Wang X et al. Materials Letters[J], 2015,
161: 231

Bai J G, Yin J, Zhang Z et al. IEEE Transactions on Advanced
Packaging[J], 2007, 30(3): 506

Zhang H, Liu Y, Wang L et al. Microelectronics Reliability[J],
2018, 81: 143

Bordia R K, Kang S J L, Olevsky E A. Journal of the
American Ceramic Society[J], 2017, 100(6): 2314

Yu F, Johnson R W, Hamilton M C. IEEE Transactions on
Components, Packaging and Manufacturing Technology[J],
2017, 7(6): 855

Dai J, Li J, Agyakwa P et al. Journal of Microelectronics and
Electronic Packaging[J], 2017, 14(4): 140

Zheng H, Berry D, Calata J N et al. IEEE Transactions on
Components, Packaging and Manufacturing Technology[J],
2013, 3(6): 915

Shao G J, Qin X J, Liu R P et al. Acta Physica Sinica[J], 2006,
55(1): 472

Microelectronic

ETRE MRV ARIRE SRS e Sk B LR 53

X pER, gk wE2, A EE Y, EMAR S, phVRGE Y, JKEE2
(1. W/REH T RS, BIBVT M/RIE 150040)

(2. HURKFFET RS, iz

RIRFHF 2600 AA)

(@ EHSEREARFRAF, fi=2 M55 6921EX)

W OE: RAYCKEREBE NI R, 76250 C Nl 5~10 MPa 54 /1, FRIFARFLER R (1.2%~1.4%) [ R B e gk Bk . B
BedE s /1t 5 MPa 3 K2 10 MPa, HSk BT IBR A 3R TF . A5 BB b RN e gl Sk MHUARRIBOR A SR AT X Lo 45
REY], RRAEKIFEIER S IR R 2R . BRE SRR A T 2K E R RUZMZ LR kL, Zkess k71 i
5 MPa 1 K% 10 MPa I, 234 J% Sk i) RT 5 Skt 8] A EE SR T BUR AR W AR A o 3K — B GUR B R AR RISy e o i B S PR RE A T2 4%

S

KURE: R WREME: Be4S: ROWASL W

PEZI A X ¥, 59, 1985 4E4E, 181, FIHUR, WK T oRSEME R TR, BRYT /KIS 150040, Hiih: 0451-86392519,

E-mail: lyang805@163.com



