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Abstract

The use of sintered-silver for large-area interconnection is attractive for some large-area bonding
applications in power electronics such as the bonding of metal-clad, electrically-insulating substrates to heat sinks.
Arrays of different pad sizes and pad shapes have been considered for such large area bonding; however, rather than
arbitrarily choosing their size, it is desirable to use the largest size possible where the onset of interconnect
delamination does not occur. If that is achieved, then sintered-silver's high thermal and electrical conductivities can
be fully taken advantage of. Toward achieving this, a simple and inexpensive proof test is described to identify the
largest achievable interconnect size with sinterable silver. The method’s objective is to purposely initiate failure or
delamination. Copper and invar (a ferrous-nickel alloy whose coefficient of thermal expansion (CTE) is similar to
that of silicon or silicon carbide) disks were used in this study and sinterable silver was used to bond them. As a
consequence of the method’s execution, delamination occurred in some samples during cooling from the 250°C
sintering temperature to room temperature and bonding temperature and from thermal cycling in others. These
occurrences and their interpretations highlight the method’s utility, and the herein described results are used to
speculate how sintered-silver bonding will work with other material combinations.
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Introduction

The use of low-temperature sintered-silver = T
continues to gain traction as evidenced by ever- " o o
growing number of internationally-conducted studies TSERTEET

devoted to its application [e.g., see Refs. 1-11 for Die
some examples].

In addition to the interconnection between die Intsiconnects
gnd substraFe, use of sintergd-silver for large-area Subsirates
interconnection is also attractive for some large-area
bonding applications in power electronics such as the Interconnects
bonding of metal-clad substrates to heat sinks (see
Fig. 1). Arrays of different pad sizes and pad shapes Heat Sink
have been considered for such large area bonding [10]
with the motive to provide an integral and passive Figure 1. Sintered-silver candidacy for die-to-
strain relief mechanism to always limit the amount of substrate and substrate-to-heat sink

imposed strain. But it is also desirable to use the interconnections.
largest possible size as long as the onset of

interconnect delamination does not occur. If that

maximization is achieved, then sintered-silver's high
thermal and electrical conductivities can be fully taken
advantage with that interconnection array pattern.

If the sintered-silver interconnection area is
too large, then coefficient of thermal expansion
(CTE) mismatches among the system’s material
constituents will cause sufficiently high shear strains
to result in the onset of undesirable delamination. An
image of such is shown in Fig. 2 [12].
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Such delamination is undesirable and the
materials pairing of what is shown in Fig 2 indicates
that the areal size of its sintered-silver interconnect
was too large. It decreases the allowable area for
thermal (and electrical) conduction resulting in
higher heat (and electrical) fluxes going through the
remaining bonded area. Consequently, this can cause
an avalanching effect resulting in service temperature
further increasing in the device, a greater rate of
additional delamination, etc., leading to potential
complete debonding of the interconnect and overall
loss of intended function.

Figure 2. Example of perimeter delamination in a
50 mm x 50 mm (i.e., large) sintered silver
interconnection [12].

There are two options to manage
delamination. One is to design the interconnect size
and shape so delamination never initiates, and the
other is to somehow manage or arrest the
delamination should it initiate. Further description of
these two options is facilitated by the fatigue
diagrams shown in Fig. 3, and means and
descriptions for generating their curves are described
elsewhere [e.g., Ref. 13]. Preventing the onset of
delamination is accomplished by ensuring that a
threshold stress intensity, Ky, is never attained in
service for the interconnect system. Alternatively, if
delamination does initiate in service (i.e., the stress
intensity in the interconnect system, K, exceeds Ky),
then there is potential to manage it provided K never
attains a critical stress intensity, K.. The ability to
manage that is easier if the interconnect system’s
fatigue resistance is high. Referring to Fig. 3, a
higher fatigue resistance is represented by a higher-
valued fatigue exponent, n.

Of those two options, designing to prevent
delamination initiation is obviously more attractive.
If that is accomplished, then the initial interconnect
area shall exist in perpetuity to provide sustained and
sought-after thermal and electrical transfer.
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The likelihood of the onset of delamination
decreases with the decrease in pad size (and for pad
shapes too that do not have sharp corners).
Unfortunately, that smaller size also decreases the
area for heat transfer, so a compromise must be
struck between having the largest bond size as
possible but not so large that delamination will
initiate.

Toward  preventing the onset of
delamination in sintered-silver interconnect systems,
a simple and inexpensive proof test is described here
to identify the largest achievable interconnect size.
The method’s objective is to purposely initiate failure
or delamination. Copper and invar (a ferrous-nickel
alloy whose CTE is similar to that of silicon, Si, or
silicon carbide, SiC) disks were used in this study
and sinterable silver was used to bond them. As a
consequence of the method’s execution, delamination
occurred in some circumstances from the cool-down
to room temperature from the 250°C sintering
temperature and from thermal cycling in others.
These occurrences and their interpretations highlight
the method’s utility and their discussion follows.
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Figure 3. Classical fatigue representations as a
function of fatigue exponent (n).
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Processing and Testing

Copper and invar disks, with a 25-mm
diameter and 2-mm thickness, were fabricated and
silver plated. Aluminum, although not considered in
this study, logically could have been considered (e.g.,
paired with copper or with invar). Examples of the
disks prior to, and after, plating are shown in Fig. 4,
and cross-sectional microstructures and dimensions
of the platings are shown in Fig. 5.

Pre-Plating

Post-Ag-Plating

Figure 4. Invar and copper disks (left) prior to
plating and (right) after their silver plating. The
disks have a diameter of 25 mm.

Ag-Plating on Copper

Ag-Plating on Invar

Figure 5.

Microstructure,
chemistries of the used platings on the copper and

thicknesses, and

invar disks. Images generated with scanning
electron microscopy and companion energy
dispersive spectroscopy.
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The plated disks were used in three different
combinations of couples that are illustrated in Fig. 6.
Each of those three couples were bonded with
sinterable silver with a pad diameter of 10, 18, or
22 mm.

Side View

Top View

Sinterable
Silver (Ag)

—!

Invar (Ag-plated)

Copper (Ag-plated)

Copper (Ag-plated)

/

25.4 mm dia disks &
2 mm thickness

Copper (Ag-plated)

Invar (Ag-plated) Silver Pad Diameters (3):

10, 18, and 22 mm
Silver Pad Thickness:
0.050 mm bond thickness

Invar (Ag-plated)

Figure 6. Schematic showing how CTE-induced
residual stress was purposely varied through
choice of disk materials and bonding size.

Loctite Ablestik SSP 2020 (Henkel) silver
paste was stencil printed using a HMI Presco 485
printer. A circular print pad shape was chosen to
avoid creating localized regions of high stress
intensity intrinsically caused by corners (e.g., such
that results when using squares). The print pattern
was concentrically deposited onto one of the plated
disks and dried at 100°C in nitrogen for 2 hours. The
companion top plated disk was then mounted and the
disk couple was sintered at 250°C for 1 hour at a
pressure of 1 MPa. Specimens were cooled while
under stress. A strain-free temperature of 250°C was
used for supportive finite element analysis.

All  the post-processed disks were
mechanically proof-tested by uniaxially applying
1 MPa of shear stress at room temperature. All
passed this mechanical proof-test despite scanning
acoustic microscopy imaging indicating that
delamination had indeed occurred in some of the
bonded couples.

Acoustic microscopy imaging was co-
utilized with thermal cycling to track any changes in
delamination caused by the CTE-mismatch-induced
residual stresses. The employed thermal cycling
waveform was trapezoid and consisted of 5°C/min
heating and cooling rates, and dwell periods at 170°C
for 5 minutes and -40°C for 15 minutes (relevant
temperature extremes for automotive service). All
the disks were imaged prior to thermal cyclic
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commencement (i.e., 0 cycles), and then imaged
every 100 cycles thereafter.

Unfortunately, those samples that had failed
from the thermal cycling (conducted at NREL) were
lost during shipment back to ORNL by the shipping
carrier, so complete failure analysis was impossible.

Results and Discussion
Post-Processing and Pre-Thermal-Cycling

Delamination occurred simply from the
cool-down to room temperature from the 250°C
bonding process for the copper-invar couple when
they were bonded with 18- and 22-mm diameter
sintered-silver pads. Delamination did not occur at
this stage for this couple when 10-mm diameter
sintered-silver pads bonded the copper and invar.
The acoustic microscopy images of the as-processed
couples are shown in Figs. 7-9 for copper-copper,
invar-invar, and copper-invar, respectively.

The sustained shapes of the sintered-silver
bonding are evident in Figs. 7-9 and those that had
undergone delamination between sintering and
subsequent cool-down to room temperature had a
Rorschach-like pattern to them.

The areas of those remaining bonding
shapes were analyzed by fitting maximum-sized
circles completely within their shape. Examples of
such are shown in Fig. 10. The radius of such a
circle is then dictated by the narrowest lineal
dimension of that Rorschach-like pattern, and is
therefore a conservative interpretation of the area of
that complex shape.

SideA SideB SideA SideB

10 mm

Sample 3

Sample 22

Sample 23

Sample 24

Figure 7. Acoustic microscopy images of the as-
processed copper-copper couples bonded with
silver. Each of the nine pairings are images
captured through opposite directions.
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Side A Side B Side A Side B Side A Side B
No Photo
o -

Sample 5

Sample 4 Sample 6

Sample 16

Sample 17

Sample 26

22 mm

Sample 25 Sample 27

Figure 8. Acoustic microscopy images of the as-
processed invar-invar couples bonded with silver.

Each of the nine pairings are images captured
through opposite directions.

SideA SideB SideA SideB SideA SideB

Sample 9

&
Sample 28 Sample 29 Sample 30

Figure 9. Acoustic microscopy images of the as-
processed copper-invar couples bonded with
silver. Each of the nine pairings are images
captured through opposite directions.

Figure 10. Example of superimposed (dashed)
circles on a copper-invar couple used in the
analysis of the sustained sintered-silver bond
shape. The arrows show the radial ingress from
the original printed diameter in this example.
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The estimated bond diameters from this
analysis are shown in Fig. 11. The printed sintered-
silver pad size for all three diameters were
maintained in the copper-copper couples, were
maintained for the 10- and 18-mm pad diameters for
the invar-invar couples, and were only maintained for
the 10-mm pad diameter for the copper-invar couple.
The copper-invar couples were most affected by their
imposed residual stress states.

A large differential in the CTE mismatch
relative to the sintered-silver caused delamination for
larger bonded areas (i.e., invar-invar couples);
however, an asymmetric CTE across (or
perpendicular to the plane of) it was more apt to
promote the onset of delamination. Such across-the-
interconnect CTE asymmetry superimposes in-plane
and out-of-plane shear stress resulting in an overall
higher (equivalent) stress that is more likely to reach
the interconnect system’s shear strength and cause
the onset of delamination.
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Figure 11. Residual diameter of the sustained

bonding of the as-processed couples.
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Thermal Cycling

Thermal cycling caused mortality of all the
copper-invar couples in less than 400 cycles. This is
illustrated in Fig. 12. This observation suggests that
subjecting such an interconnect system to this
relatively low number of thermal cycles could serve
as an effective proof test and eliminate the weakest
samples in a population.

There is a high likelihood that failure of the
copper-invar couples shown in Fig. 12 occurred at, or
about, the -40°C dwell segment of the employed
thermal waveform. A comparison of the estimated
residual stresses in the sintered-silver pad at room
temperature and at -40°C is featured in Fig. 13. The
magnitude of the equivalent stresses is the highest at
the coldest temperature of the waveform (i.e., at the
greatest AT from the processing or assumed strain
free temperature of 250°C) so it is reasonable to
consider that each couple’s respective catastrophic
failure initiated at that thermal waveform segment.

Side A Side B Side A Side B Side A Side B

0 Cycles = 100 Cycles 200 Cycles — Failed

SideA SideB Side A SideB Side A SideB

il

100 Cycles

200 Cycles —

— 300 Cycles > Failed

Side A Side B SideA Side B SideA  Side B

0 Cycles =———————— 100 Cycles

200 Cycles — Failed

Figure 12. Tracked acoustic microscopy images of
(top) 10-mm diameter, and (middle) 18-mm
diameter, and (bottom) 22-mm diameter bonded
copper-invar couples. All failed in less than 400
thermal cycles.
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241.62 Max
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161.08
134.23
107.39.
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53.693
26847
0.00047733 Min

285.06 Max.
25339
2172
190.04
15837
1267
95022
63348
31675
0.0010247 Min

om0 2100 200060

Figure 13. Residual (von Mises) stress state in the
10-mm-bonded copper-invar couple at room
temperature and -40°C. The maximum stress is
approximately 20% higher at -40°C than at 25°C.

Such thermal cycling did not cause failure
(i.e.,. fatigue run-out) for copper-copper or invar-
invar couples bonded by sintered-silver (up to 22-mm
diameter print pads) despite the (in-plane, yet out-of-
plane-symmetrical) residual stresses that existed in
their sintered-silver interconnects. This response is
illustrated by the unchanging images shown in Fig.
14. This further illustrates the deleterious influence
of an asymmetric CTE mismatch across the sintered-
silver interconnect, and which is schematically
illustrated in Fig. 15.

Interpretation of the tracking of the
delamination of the thermal-cycling-induced failures
suggests that the sintered-silver process used here
produced a relatively fatigue-resistant interconnect.
That statement is based on there not being
identifiable continuous delamination occurring up to
failure of the interconnect system (i.e., catastrophic
delamination must have initiated and entirely
occurred in less than 100 cycles); this is an indicator
of a relatively high fatigue exponent.
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Side A

Side B SideA SideB

—— 900 Cycles 1000 Cycles 1100 Cycles —

SideA Side B SideA SideB SideA SideB

900 Cycles 1000 Cycles 1100 Cycles —>

Figure 14. Tracked acoustic microscopy images of
the 22-mm-diameter bonded (top) copper-copper
and (bottom) invar-invar couples. No

delamination initiated through 1100 cycles.
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Figure 15. The superpositioning out-of-plane
residual stress causes the observed delamination
in the copper-invar couples.
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A simple and inexpensive approach was
described here to identify the largest achievable
interconnect size with sinterable silver that will not
delaminate. That size is an outcome of all the
cumulative effects of numerous independent
parameters that each affect that achievable size; those
independent parameters are many as illustrated by
Fig. 16 [11]. The failure location favored the
interface where the top plated disk was mounted on
the pre-dried printed silver (prior to sintering). While
that was an overall adhesive failure, the exact
location of the failure (among the multi-laminated
plating and interface with the sintered silver) could
not be identified because the failed test specimens
were lost in shipping.

Sintered Silver | Piating |
+ Pressure Stror]g and + Thickness
+ Temperature Reliable + Cleanliness
« Time Interconnect . 0,C,and S
+ Print thickness & uniformity System contamination I]

+ Processing cadence + Promote

+ Strain or expansion joint relief

+ Microstructural homogeneity
and isotropy

«+ Elastic property asymmetry

Cohesive strength contribution

Die, Substrate, or Baseplate

+ Surface finish & topography
+ CTE (mismatch)
+ Size/area

metallurgical bond I]
Chemical component of
L

adhesive strength
But the “system” is D
only as good as |
its weakest link ...

of ive strength

Figure 16. Ultimately the maximum allowable
bonding area is a function of many parameters in
addition to the CTE mismatches of the bonded
materials.

In summation, this method showed that a
sintered-silver interconnect having a diameter of at
least 22 mm can bond copper to copper or a diameter
of at least 10 mm can bond invar to invar. A 10 mm
diameter of sintered-silver will fail in thermal cycling
if it bonds copper to invar.

Consideration of Other Material Combinations

Speculation of the sintered-silver-bonding
quality for other material pairings can be made based
on the CTEs of the materials examined in this study
(i.e., copper and invar) and the herein-described
method. Invar was chosen in the present study
because of its CTE-equivalency with those CTEs of
silicon and silicon carbide, so the consideration of
sintered-silver bondability with silicon (Si) or silicon
carbide (SiC) can occur. Copper (Cu) was chosen in
the present study; however, aluminum (Al) or
molybdenum (Mo) could have alternatively been
considered as well. DBC substrates (e.g., with an

aluminum oxide dielectric, or DBC/Al,03) obviously
an important constituent in power electronic modules,
so based on the CTEs listed in Table 1, it is
reasonable to speculate on the size of sintered-silver
bondability between them and other alloys as well.

The anticipated size limitations of sintered-
silver bonding of various couples are listed in
Table 2. It is reasonable to speculate that the
maximum allowable bonding area for sinterable
silver decreases with increase in CTE mismatch of
the materials the silver is joining.

Table 1. Material CTEs pertaining to Table 2.

Nominal Coefficient of
Thermal Expansion
Material (x 10/°C)

Silver 20
Copper 17

Invar 2-3
Silicon 3
Silicon Carbide 4
Aluminum 22
DBC Substrate 8

(with Al,0O; dielectric)

Molybdenum 5

000213

Table 2. Maximum sizes of sinterable-silver
bonding pad diameter as a function of material
(or CTE) pairing.

Material Couple Diameter

Cu-Cu > 22 mm

Invar - Invar > 10 mm

Cu - Invar <10 mm
Speculation Based on CTEs in Table 1

In-plane Residual Stress Only:
Al - Al > 18 mm
DBC/ALO; substrate -

DBC/Al,O3 substrate > 10 mm

Mo - Mo > 10 mm
In-plane + Out-of-Plane Residual Stress:

Si - DBC > 10 mm

SiC - DBC > 10 mm

DBC/AL,0; - Cu <18 mm

DBC/ALO; - Al <18 mm

DBC/AlLO3 - Mo > 10 mm

Cu - Al > 10 mm

Cu - Mo <18 mm

Al - Mo <18 mm
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Summary

A simple and inexpensive approach was
described to identify the largest achievable
interconnect size with sinterable silver. That size is
an outcome of all the cumulative effects of numerous

independent parameters that each affects that
achievable size. The method can be viewed as a
proof test.

To identify the largest bonding size, the
method’s objective is to purposely initiate failure or
delamination. The method involves making
geometrically simple test coupons whose materials
have CTEs that match or mimic those of materials
used in power electronic devices, and that are bonded
by an interconnect material whose bond size is likely
to exceed that used in that device.

Copper and invar disks were used and
sinterable silver was used to bond them. Aluminum,
although not considered in this study, alternatively
could have been a matrix material (e.g., paired with
copper or with invar) to represent its use as a heat
exchanger heat sink. Molybdenum could also have
been considered owing to its established use in
silicon-controlled rectifiers (SCRs).

Delamination occurred simply from the
cool-down to room temperature from the 250°C
bonding process for the copper-invar couple when
they were bonded with 18- and 22-mm diameter
sintered-silver pads. Delamination did not occur in
this stage for this couple when 10-mm diameter
sintered-silver pads bonded the copper and invar.

A large differential in the CTE mismatch
relative to the sintered-silver would cause
delamination for larger bonded areas (i.e., the silver-
bonded invar-invar  couples); however, an
asymmetric CTE across (or perpendicular to the
interconnect plane of) the sintered-silver interconnect
is more apt to promote the onset of delamination.
Such  across-the-interconnect CTE  asymmetry
superimposes in-plane and out-of-plane shear stress
resulting in an overall higher (equivalent) stress that
is more likely to reach the interconnect system’s
shear strength and cause the onset of delamination.

Thermal cycling (entire coupon at an
isothermal temperature for any given temperature of
that cycling) caused mortality of all the copper-invar
couples by 400 cycles. This suggests that subjecting
such an interconnect system to a relatively low
number of thermal cycles could serve as an effective
proof test. Such thermal cycling did not cause failure
for copper-copper or invar-invar couples bonded by
sintered-silver (up to 22-mm diameter print pads);
this further illustrates the deleterious influence of an
asymmetric CTE mismatch across the sintered-silver
interconnect.
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Interpretation of the tracking of the
delamination of the thermal-cycling-induced failures
suggests that the sintered-silver process used here
produced a relatively fatigue-resistant interconnect.
That statement is based on there not being
identifiable continuous delamination occurring up to
failure of the interconnect system (i.e., catastrophic
delamination must have initiated and entirely
occurred in less than 100 cycles); this is an indicator
of a relatively high fatigue exponent.

Finally, a sintered-silver interconnect having
a diameter of at least 22 mm can bond copper to
copper or at least 10 mm can bond invar to invar. A
10 mm diameter of sintered-silver will fail in thermal
cycling if it bonds copper to invar. Speculation of the
sintered-silver-bondability for other material pairings
(e.g., silicon, aluminum, molybdenum, and DBC
substrates) were made based on each of their
respective CTEs.
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