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Abstract- Die-attach by low-temperature silver sintering
has been widely used in power electronics packaging. Most of
the reported work was done on direct-bond-copper (DBC)
substrates metallized with silver or gold. There is a lack of
studies of sintered-silver bonding on nickel (Ni), a low-cost
metallization on DBC. In this study, we fabricated a power
module using pressureless in-air sintered-silver die-attach on
Ni-plated DBC substrate. Strong die-shear strength of over 40
MPa was achieved. It was also found the static and switching
characteristics, the transient and steady-state thermal
performance of the modules using Ni metallization was as good
as that using Au metallization. Cross-sectional microstructure
and chemistry analyses of the sintered-Ag/Ni interface revealed
limited Ni oxidation. We believed that the high-density packing
of silver particles and outgassing of the organic molecules from
the paste during the bonding process helped to lower the partial
pressure of oxygen in the bondline, which in turn, prevented
rapid Ni oxidation and gave rise to extensive formation of
strong Ag-Ni metallic bonds at the interface. The findings of
this study show the low-cost potential of the die-attach
technology for power module packaging since the bonding
process can be done pressureless in air on low-cost Ni
metallization.

Keywords- pressureless silver sintering; Ni plating; die
attach; power module

. INTRODUCTION

The wide-band-gap (WBG) power devices (e.g. SiC and
GaN) that can work at high power, frequency, and temperature,
are increasingly used in numerous electronic applications, such
as automotive, aircraft, and space exploration etc. In order to
assure the high performance and reliability of the WBG power
modules, all the packaging components have to be suited to
more severe thermal and electrical constraints [1]. Among
which, die-attachment of power devices to metallized substrates
is a critical component in the power module packaging, since it
greatly impacts the thermal, electrical, and reliability
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performance [1, 2]. Recently, low-temperature silver sintering
was emerged to meet the demand for die-attachment in the
WBG power modules, thanks to its high thermal, electrical, and
reliability performance [3-7]. Most of the reported sintered-
silver die-attachment have been done on bonding to direct-
bond-copper (DBC) substrates that are metallized with noble
metals such as silver(Ag) or gold(Au). Excellent sintered-silver
bonding quality can be achieved on Ag or Au metallization in
air for power module packaging [1-6].

Compared with Ag and Au, nickel (Ni) is another common
metallization with much lower cost, which is widely used as a
diffusion barrier interlayer or adhesion layer for DBC substrate,
especially in aerospace applications [8]. Because Ni has low
diffusion rate and reaction rate, the reliability could be
enhanced without concerning the issue of electromigration and
intermetallic compounds formation. Therefore, it will be
significant to reduce the cost by die-attaching with Ni finish
directly using the sintered silver. However, there is a lack of
report of the strong sintered-silver bonding on Ni substrate so
far. For die-attachment area of ~20 mm? on Ni substrate, Ogura
et al. [9] obtained shear strength of 20 MPa when sintered at
300°C for 5 min in air under pressure of 5 MPa; Ishizaki et. al.
[10] obtained shear strength of 15 MPa when sintered at 300°C
for 5 min in hydrogen without pressure. It is very difficult to
achieve strong sintered-silver bonds on Ni due to the inherent
nature of Ni oxidation once upon exposure to air at high
temperatures. The bonding strength will be weakened as the
oxide hinders the atomic diffusion and metallic bonds at the
bonding interface [11]. Therefore, in order to obtain strong
sintered-silver bonding, Ni oxidation has to be prevented during
sintering.

In this study, we fabricated a power module using
pressureless in-air sintered-silver die-attach on Ni-plated DBC
substrate. A high solid-loading (> 88wt.%) hybrid-silver paste
was used, which is a uniform mixture of nano- and micro-scale
silver particles in an organic solvent-surfactant system. It was
found that the close packing of silver particles and outgassing
of the organic molecules in the paste could prevent Ni from
extensive oxidation, resulting in strong bonding strength at the
Ag/Ni interface. Strong die-shear strength in excess of 40 MPa
was achieved. It was also found the static and switching
characteristics, and transient and steady-state thermal
performance of the modules using Ni metallization to be as
good as that using Au metallization. The findings of this study
showed the low-cost potential of the die-attach technology for
power module packaging since the bonding process can be done
pressureless in air on low-cost Ni metallization.
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Fig. 1 (a) Ni-Module fabrication process, (b) Ni-module fabricated for microstructural, mechanical, thermal, and static output characteristics tests, and (c) Ni-

module fabricated for switching characteristics test.

II. MODULES FABRICATION

Fig. 1 shows the module fabrication process. The modules
were fabricated by attaching silver-plated silicon IGBT devices
(Infineon, IGC15T65QE, 650 V, 30 A, 3.92x3.88x0.07 mm?)
on Ni(P) electroless-plated DBC substrates (Curamik Rogers)
using a hybrid-silver paste sintered in air without pressure. For
comparison, the same die-attachment on Au electroless-plated
DBC substrates (Curamik Rogers) were sintered and tested
under the same conditions as well. At least five modules for
each test condition below were fabricated. To facilitate
description, the modules using Ni-plated DBC and Au-plated
DBC are named as Ni-module and Au-module hereinafter,
respectively. With proper selection of organic chemistry, the
paste has good flow characteristics for screen printing at a solid
loading of over 88wt.%. The paste is a trimodal system, by
mixing nano-scale (62 nm), submicron-scale (0.4 pum), and
micro-scale (2.5 um) silver particles with volume percent of
3.5%, 35.5%, and 61%, respectively. It was reported that in the
absence of pressure during sintering, the packing density alone
could reach 65%, 87% and 95% for mono, bimodal and
trimodal systems of silver particles, respectively [2, 12]. Thanks
to its higher initial packing density, the trimodal system silver
paste can achieve higher bonding strength than bimodal or
mono system silver paste [2].

III. RESULTS AND DISCUSSION
A. Microstructure analysis

To understand the bonding mechanisms between sintered-
Ag and Ni, we analyzed the fracture surface and cross-sectional
microstructures and chemistries of the sintered bondline by
scanning electron microscopy (SEM), energy dispersive
spectrometer (EDS), and electron probe micro-analyzer
(EPMA), respectively. As shown in Fig. 2(a), the fracture
surface on Ni-plating exhibits a cohesive failure, which usually
demonstrates a strong bonding. The de-bonding occurs mostly
within sintered-Ag bondline (location A) and partly at sintered-
Ag/Ni interface (location B), indicating a strong interfacial
bonding between sintered-Ag and Ni-plating. The dispersive
sintered-Ag residuals are also observed at location B on the Ni-
plating. From the SEM image of the cross-sectional bondline as
shown in Fig. 2(b), we can see that the sintered-Ag bonds well
with the Ni-plating with neither delamination nor de-bonding.
The EPMA line scan result in Fig. 2(c) shows a well-defined
sintered-Ag/Ni interface, suggesting no intermetallic formation
and low inter-diffusion rate between Ag and Ni. No evidence of
oxygen at the interface is found, indicating effective prevention

of Ni oxidation by outgassing of organic molecules from paste
during sintering. Extensive formation of metallic bonds
between sintered Ag and Ni is the most likely reason leading to
strong bonding and excellent electrical and thermal
performance.

Element Spectrum A Spectrum B Spectrum C Spectrum D
Wt%  At% Wt%  At% Wt%  At% Wt%  At%
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Fig. 2 Ni-Modules sintered at 270°C for 60 min: (a) SEM microstructure
and EDS composition images taken from fracture surface after die-shear
test, (b) cross-sectional SEM microstructure image, and (c) cross-
sectional EPMA composition line scan result.

B. Mechanical characteristics

The mechanical performance of the sintered-Ag joints was
evaluated by die-shear strength (Dage 4000 bond-tester). As
shown in Fig. 3(a), the shear strengths increase with higher
sintering temperature or longer sintering time. The reason is
that both the cohesive strength from sintered bondline
densification and adhesive strength at bonding interfaces from
metallic bonds and atomic motion are enhanced at higher
sintering temperature or over longer sintering time [11]. When
sintered at 230°C, the die-shear strengths on both of the Ni and
Au are only about 10 MPa, due to non-densification sintering at
low temperature. When sintered at 240°C, the shear strength on
Au is in excess of 30 MPa, while that on Ni is only around 15
MPa. This disparity could be ascribed to the disparate
interdiffusivity between Ag/Au and Ag/Ni. It is reported that
the diffusivity of Ag in Au is 10000 times higher than that of
Ag in Ni [11]. When sintered at 270°C, the shear strengths of
all die-attachments are in excess of 40 MPa. The strong bonding
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could be attributed to both the strong cohesive strength and
adhesive strength, resulting from high solid loading and high
packing density of the trimodal hybrid-silver paste, and Ni
oxidation prevention by outgassing organics in the paste during
sintering.

C. Static characteristics

The static output I-V characteristics of the modules were
tested at Vee=15V using Agilent B1505A power device

analyzer curve tracer. The modules were tested at 25°C or 125°C

by adjusting the hotplate temperature underneath the modules
(schema shown in Fig. 1(b)). As seen in Fig. 3(d), when tested
at 125°C rather than 25°C, all the I-V curves shift to the right,
showing a monotonously increasing Ron by approximately 8%.
The slope of the output I-V curve keeps increasing with higher
sintering temperature, evidencing improved electrical
conductivity of sintered bondline at the higher temperature. The
measured static characteristics are consistent with the die-shear
strength. That is, the Vcggay of the modules sintered at 230°C
are ~6% higher than that sintered at >250°C, due to high
resistance from non-densification sintered bondline at 230°C.
The disparity of Vcgar 1s small (<2%) between all modules
sintered >250°C. The measured static characteristics of Ni-
modules are as good as that of Au-modules, i.e. disparity of 1%
(except 3% disparity of modules sintered at 240°C), indicating
excellent electrical conductivity of sintered-Ag die-attach on
Ni-plated substrates.

D. Switching characteristics

The switching characteristics were measured using the
standard double-pulse testing method [5, 13]. In the module
under test as shown in Fig. 1(c) and Fig. 3(c), a 1200-V, 50-A
silicon diode (Infineon, SIDC30D120H8, 5.5%5.5%0.12 mm?)
was used as the freewheeling diode. The switching tests were
conducted under 300 V and 30 A at 25°C or 125°C. As shown
in Fig. 3 (c), when tested at 125°C rather than at 25°C, the Ic
and Vce waveforms show a right shift, indicating a longer turn-
on and turn-off delay time and a slower di/dt and dv/dt in the Ic
and Vce waveforms [14]. As shown in Fig. 3(d), the switching
time and loss tested at 125°C is ~10% higher than that tested at
25°C. It is reported that the IGBT turn-on loss is increased at
higher temperature mainly due to the increased diode reverse
recovery current, while the prolonged minority carrier lifetime
slows down the IGBT turn-off speed and increases the turn-off
loss [14]. The increased switching time and loss should be
related to the temperature-dependent characteristics of IGBT
and diode devices, which are not determined by the die-
attachment. It seems that the electrical conductivity of die-
attachment has little influence on the switching characteristics.
The switching on/off time and loss of modules sintered at
different temperatures (230°C-270°C) almost keep constant
(disparity within 2%). The double pulse test was done to verify
that the devices attached on the Ni-plating could be switched
functionally. The devices were not degraded during the die-
attach process. The switching characteristics of Ni-modules
were consistent with that of Au-modules (variation within 2%),
which was proved as a robust Ag-Au die-attachment [2, 3],
confirming the feasibility of attaching the power devices with
Ni-plating surface by silver sintering.

E. Transient thermal characteristics

The transient thermal performance of the modules was
evaluated by transient thermal impedance Z, (self-made tester
[15]). The Zun was measured electrically using Vge as

temperature sensitive parameter, and calculated as follows [15]:
AT] _ AVGE

Zth = 50 T oep @)
H H

where Py (50 W) is the power dissipation, and K (10.3 mV/°C)
is the coefficient of Ve with respect to 7j. Fig. 4(a) shows the
schematic waveforms and heat conduction time within the
module. Based on thermal diffusion theory, the heat just
conducts within the module at heating time #y less than total
heat conduction time 1. Therefore, the Zy was measured at
<25 ms (1=26.42 ms as shown in Fig.4 (a)). As seen in Fig.
4(b), the Zy, increases with #u, as heat conducts through more
layers with longer heating time. Overall, the Zy decreases with
higher sintering temperature, evidencing improved thermal
conductivity of sintered-Ag bondline. Quite consistent with the
measured static output characteristics, the Zy of all the Ni- and
Au-modules sintered at 230°C are ~6% higher than that of the
modules sintered at >250°C, due to the lower thermal
conductivity of non-densification sintered bondline at 230°C.
The Z of Ni-modules sintered at 240°C is ~3% higher than that
of Au-modules, because of higher interface thermal resistance
from weaker adhesion at sintered-Ag/Ni interface. When
sintered at >250°C, all the Zy, curves almost overlap together,
revealing insignificant improvement of thermal performance
with higher sintering temperature. The measured Zy of Ni-
modules (except that sintered at 240°C) has high consistency
with that of Au-modules, indicating the excellent transient
thermal performance of sintered-Ag die-attach on Ni-plated
substrates.
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Fig. 3 (a) die-shear strength, (b) static output characteristics, (c) switching
waveforms, and (d) switching time and loss results of Ni-modules and Au-

modules sintered at 230°C-270°C for 60 min. (Note: the symbols or lines
are averaged data of five tested samples, and the error bars are samples
standard deviation.)

F. Steady-state thermal characteristics

The steady-state thermal performance of the modules was
evaluated by steady-state junction temperature (75) measured
by infrared thermography. Fig. 4(c) and Fig. 4(d) show the test
condition and measured steady-state 77 of modules versus

0885-8993 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2019.2893238, IEEE

Transactions on Power Electronics

sintering temperature, respectively. Similar with Zy, results, the
T1 measured at steady-state decreases with higher sintering
temperature, evidencing improved steady-state thermal
performance of sintered-Ag bondline. The Zy, of all modules
sintered at 230°C is ~10% higher than that sintered at 270°C,
due to the poorer thermal performance of non-densification
sintered bondline at 230°C. Overall, T; of the Ni-modules is
slightly higher (<1.5%) than that of the Au-modules, except that
sintered at 240°C with disparity of ~4%. The measured steady-
state 77 of Ni-modules has high consistency with that of Au-
modules, indicating the excellent steady-state thermal
performance of sintered-Ag die-attach on Ni-plated substrates.
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Fig. 4 (a) schematic diagram for Z; measurement, (b) measured Zy, (c)
schematic diagram for steady-state 7; measurement, and (d) measured
steady-state 7) results of Ni- and Au-modules sintered at 230°C-270°C for
60 min. (Note: the symbols or lines are averaged data of five tested samples,
and the error bars are samples standard deviation.)

TABLE I. COMPARISON OF SILVER-SINTERING ON DIFFERENT SURFACE

FINISHES.

. . Ni(5 pm) Ni(5 pm)
Plating on DBC Ni(5 pm) /Au(l um) /Ag(l um)
Cost of plating
materials [16] $0.015/g $45/g $0.5/g

20 MPa 30 MPa 30 MPa
Die-shear in [9] in [2, 3] in [2]
strength 41 MPa 45 MPa )

(in this work) (in this work)
Thermal 0.496°C/W 0.495°C/W 0.57°C/W

impedance Zy, (in this work) (in this work) in [17]

Parasitic

, 24.13 nH 24.49 nH 25.53 nH
inductance

Parasitic 1.287 mQ 1.292 mQ 1.299 mQ
resistance

Table I shows the comparison of silver sintering on
different surface finishes. The parasitic inductance and
resistance were extracted using ANSYS Q3D of the power
module geometry shown in Fig. 1 (b). For fixed cross section,
to minimize the parasitic inductance, the length through which
the current passes should be minimized [18]. By removing the
Au or Ag plating, the parasitic inductance and resistance would

decrease slightly since the loop length decreased. Compared
with the power modules using Ni/Au-plating and Ni/Ag-plating,
for the power module using Ni-plating, the parasitic inductance
decreases by 1.5% and 5.8%, and the parasitic resistance
decreases by 0.4% and 0.9%, respectively.

IV. CONCLUSIONS

In this study, a power module using pressureless in-air
sintered-silver die-attach on Ni-plated DBC substrate was
fabricated. Microstructural and chemical analyses of the cross-
sectional bondline revealed limited Ni oxidation at the bonding
interface. We believed that the high-density packing of hybrid-
silver particles in the paste and outgassing of the organic
molecules from the paste during the bonding process helped to
lower the partial pressure of oxygen in the bondline, which in
turn, prevented rapid oxidation of nickel and gave rise to
extensive formation of strong Ag-Ni metallic bonds at the
interface. Consequently, the strong die-shear strengths in excess
of 40 MPa were obtained. It was also found the static and
switching characteristics, the transient and steady-state thermal
performance of the modules using Ni metallization to be as
good as (disparity within 3%) that using Au metallization. The
findings of this study showed the low-cost potential of the die-
attach technology for power module packaging since the
bonding process can be done pressure-less in air on low-cost
nickel metallization.
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