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Abstract—Sn-based high-temperature Pb-free (HTLF) solder
pastes have been developed as a drop-in solution to replace high-
Pb solder pastes in power discrete applications. The pastes were
designed with Indium Corporation’s DurafuseVR technology, to
combine the merits of two constituent powders. A SnSb-based Ag/
Cu-containing high-temperature powder, with a melting tempera-
ture above 320!C, was designed to maintain high-temperature
performance. A Sn-rich SnAgCu-Sb powder, with a melting tem-
perature around 228!C, was added to the paste to enhance wet-
ting and improve joint ductility. In the design, the final joint will
have the low-melting phase (the melting temperature >228!C) in
a controllable quantity embedded into the high-melting SnSb
matrix. HTLF-1, one of the designs, maintained the bond shear
strength up to 15MPa, even around 290!C. Another design,
HTLF-2, has a similar bond shear strength as Pb92.5/Sn5/Ag2.5
around 290!C, but exceeds substantially below 250!C. The power
discrete components had been built with both HTLF solder pastes
for both die-attach and clip-bond through the traditional high-Pb
process, which demonstrated the drop-in processing compatibil-
ity. The components survived three additional surface mounting
(SMT) reflows (peak temperature upto 260!C) and passed mois-
ture sensitivity level 1 (MSL1). This confirmed that the main-
tained joint strength (comparable to or stronger than high-Pb),
helped to keep the joint integrity within the encapsulated compo-
nents in the following SMT process, even with the controlled
quantity of the melting phases above 228!C. Both HTLF solder
pastes outperformed Pb92.5/Sn5/Ag2.5 in the resistance from
drain to source when power is on (RDS(on)), even after 1,000
cycles of temperature cycling test (TCT) under 255/175!C, which
is attributed to the intrinsic lower electrical resistivity of Sn in
both HTLF pastes. Microstructural observation had shown no
corner cracks for both die-attach and clip-bond joints after TCT.
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INTRODUCTION

Development of high-temperature lead-free (HTLF) solder
pastes to replace high-Pb (Pb .85wt%) solders for die-

attachment in power device applications is driven by the harm-
ful effects of lead on human health and the environment based

on Restriction of Hazardous Substances (RoHS) and Waste
from Electrical and Electronic Equipment (WEEE), etc. [1, 2],
and the demand for improved performance of higher power effi-
ciency [2]. The current exemption of high-lead solders is expir-
ing in 2024. However, an extension of the exemption is possible
because the drop-in solution is still in its infancy stage due to the
combination of processing, performance, maturity, and cost.

The major requirements for HTLF solder pastes for power
discrete applications (die-attach and clip-bond) include [2-6]: a
remelting temperature higher than 260!C to maintain joint
integrity while undergoing subsequent SMT reflows, a service
temperature of 150!C or higher, a drop-in solution compatible
with the current high-lead soldering and subsequent packaging
processes, good thermal fatigue resistance, comparable or even
superior electrical/thermal performance to high-lead solders,
and relatively low cost. Efforts for seeking a drop-in solution
with improved performance have been attempted for more than
two decades. The HTLF solder candidates include: AuSn/AuSi/
AuGe [5-8], ZnAl-based [9, 10], BiAg/BiCu/BiAgX [11-15],
and SnSb-based solders [3] etc. In addition to a solder alternative,
transient-liquid phase soldering (TLPS), sintering, semi-sintering,
and Ag-epoxy options have also been attempted for many years
[16-18]. However, each of the candidates satisfied only the niche
application [3, 4].

DESIGN OF THE PASTE

Indium Corporation has been developing novel Sn-based
HTLF solder pastes, which are targeted at offering a drop-in
paste solution and outperforming the current high-Pb solders
for industry usage. The current HTLF pastes combine the merits
of both SnSb-based Ag/Cu-containing high-temperature alloys
(solidus temperature at 326!C) and the commonly used Sn-rich
(Sn.85wt% and solidus temperature.217!C) SnAgCu-Sb sol-
der alloys. The final joint will be dominated by Sn and alloyed
mainly with Sb, Ag, Cu, and the doping elements. The selected
combination is expected to deliver better thermal conductivity
and less electrical resistivity than high-Pb since Sn is intrinsically
superior to Pb in thermal and electrical performance.

SnSb-based high-temperature alloys [3] have a solidus tem-
perature at 326!C and a liquidus temperature of around 366!C,
shown in Fig. 1. The 366!C liquidus temperature is 30-40!C
higher compared with high-Pb solders, which need a higher
reflow temperature during soldering. SnSb-based high-temperature
alloys (dominated by SnSb intermetallic compounds (IMCs)) are
strong and rigid, which may risk shattering large-sized Si dies if
reflowing under the high peak temperature profile [3, 4, 19-21].
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Sn-rich SnAgCu-Sb solders are much more ductile and have a
relatively lower-melting temperature. Combining the high-melting
SnSb-based alloys and the lower-melting ductile Sn-rich alloys
together is expected to lower the reflow peak temperature and
make the joint more ductile in order to reduce the risk of large-
sized Si die shattering.
However, the introduction of a Sn-rich alloy in the mixed

solder powder paste will retain some of the Sn-rich phase in
the final joint, which may render the solder to partially remelt
during the subsequent SMT reflow and lead to solder squeeze-
out. This can cause a risk to the integrity of the die-attach
and/or clip-bond joints inside the encapsulated discrete. Thus,
the quantity of the low-melting Sn-rich phase must be con-
trolled in the final joint to allow it to maintain joint integrity
and resist solder squeeze-out during SMT reflow.
High-Pb solders have successfully been used for die-attach and

clip-bond in power discrete for decades. Thus, in order to resist
the solder squeeze-out in SMT reflow, the joint formed with the
HTLF solder joints should present the similar or even higher joint
strength compared with high-Pb joints during SMT reflow, which
has a peak temperature up to 260!C or even higher.
After the proof of concept tests and a dozen rounds of mate-

rials screening, two pastes—HTLF-1 and HTLF-2—have been
selected for sampling and testing. These have been confirmed
to be able to be processed as a drop-in solution and outperform
the high-Pb solders in resistance from drain to source when
power is on (RDS(on)) for the tested power discrete.

RESULTS

A. Melting Behavior

Fig. 1 shows the DSC curves of these two HTLF solder
pastes—HTLF-1 and HTLF-2—along with a SnSb-based high-
temperature alloy. Two separate melting peaks (P1 and P2) in

the differential scanning calorimetry (DSC) curves of both
HTLF-1 and HTLF-2 are associated, respectively, with the melt-
ing behavior of the low-melting Sn-rich phase and the high-
melting SnSb phase, while only one high-melting peak from 326
to 365!C is seen for the SnSb-based high-temperature alloy.
Compared with SnSb-based alloys, the mixed powder system
dramatically changed the melting behavior, and the melting
peak shifted to a lower temperature, which allows for a lower
reflow peak temperature and the feasibility of a drop-in solution.

The area of each peak for both HTLF-1 and HTLF-2 indi-
cates the heat absorption from each of the separated melting
behaviors. The ratio of P1 and P2 is used to characterize the
proportion of the low-melting Sn-rich phase relative to the
high-melting SnSb phase in the final joint. HTLF-1 has a ratio
of P1/P2 of "10% while HTLF-2 has a ratio of "15%. This
indicates that the quantity of the low-melting Sn-rich phase in
HTLF-2 is substantially more than that in HTLF-1.

B. Bond Shear Strength

A bond shear test was conducted on the Cu/Cu joints, which
were reflowed under a traditional high-temperature high-Pb
profile. Pb92.5/Sn5/Ag2.5, one of the commonly used high-Pb
solders, decreased the bond shear strength from 30MPa at room
temperature down to 5MPa at 290!C. The joint shear strength of
HTLF-1 always exceeded 15MPa from room temperature up to
295!C, as shown in Fig. 2, which meets the 15MPa-joint-strength
requirement by the Die-Attach 5 (DA5) Consortium and is around
three-times that of Pb92.5/Sn5/Ag2.5. The bond shear strength of
HTLF-2 decreased from around 60MPa at room temperature
down to 5MPa at 295!C, which is barely comparable to Pb92.5/
Sn5/Ag2.5. As a comparison, the SnSb-based high-temperature
alloy maintained a bond shear strength above 40MPa, even
around 280!C. Combining a SnSb-based high-temperature alloy
with a low-melting Sn-rich alloy decreases the high-temperature

Fig. 1. DSC of HTLF-1, HTLF-2, and SnSb-based high-temperature alloys. HTLF-2 has a lower melting Sn-rich phase than HTLF-1.
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strength and increases the ductility, which has been verified by
the flatten peak of die shear-displacement curves. The large-
sized Si die shattering was not observed after both reflow and
TCT [19-21], which further confirmed the effectiveness of intro-
ducing the ductile, low-melting Sn-rich phase.

Recall the existence of the low-melting Sn-rich phase in the
paste, which may risk or even damage the joint integrity when
soldering the power discrete onto the printed circuit board
(PCB) with traditional SMT reflow. In the design, we are rely-
ing on the well-maintained high-temperature strength to reduce
the risk and/or the damage of the joint. These two pastes were
selected based on their high-temperature (up to 295!C) strength.
HTLF-1 maintained the high-temperature (295!C) strength above
15MPa, which is much stronger than high-Pb under the same
temperature. On the other hand, HTLF-2 maintained a high-
temperature (295!C) strength barely comparable to high-Pb.

C. Voiding

The encapsulated components consisted of two 2.53 1.6 mm2

Ti/Ni/Ag-Si dice bonded onto two separate pads of a Cu-
leadframe. Clip-bond was used to interconnect the die top to
Cu-lead with the same solder. During the assembling process,
both HTLF-1 and HTLF-2 solder pastes, together with Pb92.5/
Sn5/Ag2.5, were used to build the package under the same
high-Pb production process (reflow/cleaning/wire bond/mold-
ing). The peak temperature of the reflow was 385!C. The selec-
tion of the reflow profile was determined because of the best
voiding performance among a few profile trials, which happened
to be used in the production line to successfully build the high-
Pb components for years in the same manufacturing facility.

Voiding levels were studied with x-ray inspection, as shown
in Fig. 3. Both HTLF solder pastes (HTLF-1 and HTLF-2) and
Pb92.5/Sn5/Ag2.5 have shown comparable and acceptable
voiding levels. The voiding acceptance spec is 10% and below.
The success of using the traditional high-Pb process for both
HTLF pastes verifies the drop-in processing compatibility.

D. Preconditioning and Moisture-Sensitive Level Tests

The moisture-sensitive level (MSL) tests on the compo-
nents were conducted by following IPC/JEDEC J-STD-020D.

Both HTLF-1 and HTLF-2 passed MSL-1. The preconditioning
was done on the encapsulated components with three-times
SMT reflow using the peak temperature of 260!C. After testing,
ultrasonic scanning did not find any delamination inside the
components. RDS(on) had a minute change before and after a
three-times SMT reflow. This confirms that the sufficient high-
temperature strength ($the joint of high-Pb) does maintain the
joint integrity within the encapsulated components after three-
times SMT reflow. However, the partial remelting may still grow
the interfacial IMCs slightly, and it may be associated with the
minute change of RDS(on). RDS(on) of both HTLF pastes was
superior to that of Pb92.5/Sn5/Ag2.5, which will be shown later.

E. Temperature Cycling Test

After conducting the MSL tests, temperature cycling tests
(255/175!C) were also done on the encapsulated components
following the AEC Q101 procedure. After 1,000 cycles of TCT,
the components were taken out of the chamber, cross-sectioned,
and prepared for microstructural observation. Both Pb92.5/Sn5/
Ag2.5 and the two HTLF solder pastes had shown neither corner
cracks nor delamination after 1,000 cycles of TCT for both die-
attach (die to leadframe) and clip-bonded (clip to die top) joints,
as shown in Fig. 4.

Both HTLF-1 and HTLF-2 are Sn-rich solders, while Pb92.5/
Sn5/Ag2.5 have limited Sn (5wt%). As known, Sn dominates
the interfacial IMC formation. Compared with high-Pb solder,
HTLF-1 and HTLF-2 have shown thicker interfacial IMCs,
which is expected because of the high-Sn content.

F. Resistance from Drain to Source When Power Is on

RDS(on) is the resistance from drain to source when power
is on. RDS(on) of the components had been measured before
and after TCT (255/175!C). Fig. 5 shows the RDS(on) distri-
bution before and after 1,000 cycles of TCT. Both HTLF-1 and
HTLF-2 have similar RDS(on) values and are smaller than
Pb92.5/Sn5/Ag2.5 before and after TCT, which indicates that
both HTLF pastes outperform Pb92.5/Sn5/Ag2.5 in electrical
performance. HTLF-1 has a distribution shape similar to Pb92.5/
Sn5/Ag2.5, while HTLF-2 has a wider distribution range. So far,
we did not know exactly the reason for the different RDS(on)
distribution, and the current high-Pb process has been assumed
to contribute to the difference. In this case, it seems HTLF-1 is
more compatible to the current high-Pb process, while HTLF-2
may need further optimization of the process to achieve a nar-
rower distribution. It was also noticed that the difference in

Fig. 2. Bond shear strength of HTLF pastes: HTLF-1, HTLF-2, and Pb92.5/
Sn5/Ag2.5.

Fig. 3. Voiding performance of both HTLF pastes (HTLF-1 and HTLF-2) and
Pb92.5/Sn5/Ag2.5 under the same high-Pb reflow profile with a peak tempera-
ture of 385!C.
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RDS(on) between HTLF pastes and Pb92.5/Sn5/Ag2.5 became
less after 1,000 cycles of TCT, as shown in Fig. 5.
In order to clarify the trend of RDS(on) change with TCT,

Fig. 6 summarizes the change of RDS(on) with TCT cycle
numbers at the 200 cycles interval for both HTLF pastes and
Pb92.5/Sn5/Ag2.5. First, both HTLF-1 and HTLF-2 clearly
outperformed Pb92.5/Sn5/Ag2.5 in RDS(on) in the entire
TCT. The results validate the design that the intrinsic lower
electrical resistivity of Sn-based alloys than Pb improves per-
formance. Second, HTLF-1 was shown to be slightly better
than HTLF-2. The process optimization may help reduce the
difference between these two HTLF pastes. Third, the differ-
ence in RDS(on) between the HTLF pastes and Pb92.5/Sn5/
Ag2.5 becomes smaller after 1,000 cycles of TCT. After TCT,
both HTLF pastes and Pb92.5/Sn5/Ag2.5 have no corner
cracks or delamination from joint morphology as shown in
Fig. 4. Therefore, the RDS(on) shift is possibly attributed to
the solder joint microstructural evolution and the interfacial
IMC growth.

DISCUSSION

The existence of the low melting phase (melting point
"228!C) with the controlled quantity in HTLF-1 and HTLF-2
can still allow the encapsulated components surviving MSL1

Fig. 4. Joint morphology of the encapsulated components after 1,000 cycles of
TCT (255/175!C) from Pb92.5/Sn5/Ag2.5, HTLF-1, and HTLF-2.

Fig. 5. RDS(on) distribution before and after 1,000 cycles of TCT 255/175!C
for the encapsulated components built with Pb92.5/Sn5/Ag2.5, HTLF-1, and
HTLF-2.

Fig. 6. RDS(on) of the encapsulated components for Pb92.5/Sn5/Ag2.5,
HTLF-1, and HTLF-2.
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and 1,000 cycles of TCT 255/175!C. The intrinsic superior
electrical and thermal properties of Sn-based alloys indeed pre-
sented the improved RDS(on) compared with high-Pb solder.
All these data have confirmed the success of the design of
combining the merits of high-temperature SnSb-based solder
powder and Sn-rich solder powders in one paste to deliver a
feasible lead-free solution to replace high-Pb for die-attach and
clip-bond application in power discrete components.

Additional attempts with HTLF-1 paste have been extended
to bigger size of Si die up to 6.83 4.7 mm3 for die-attach and
clip-bond power discrete (TO-Leadless), which had passed all
the evaluation and the results will be reported later [22].

HTLF-1 has also demonstrated the capability for the module-
level die-attach application, with Si die sizes ranging from 6.83
6.8 mm2 up to 12.13 8.7 mm2, after tested under TCT (250/
175!C, 30min dwelling), thermal aging at 200!C, and power
cycling (30/150!C, Ic5 145A and ton/toff5 0.5 s/3.1 s) [23].

Although the feasibility of success has been verified from
more and more testing sites, the challenges are seen as well.
The compatibility of the current die metallization design with
lead-free solder must be considered first. To make Si dies sol-
derable, multiple layers of metallization on the Si die surface
must be plated. Ti/Ni/Ag was one of the commonly used metal-
lization combinations. For high-Pb solder, Sn is the element
used to wet and react, while Pb will not react with Cu, Ni, and
Ag to form IMCs. The interfacial IMC formation during sol-
dering occurs between Sn from high-Pb solder and the combi-
nation of both Ni and Ag layers. Due to the limited Sn content
in high-Pb solder, the thickness of the solderable Ni and the
protection Ag layers could be as thin as 200 nm of each. Pb is
also soft enough to absorb most of the strain from die-attach
and clip-bond joints. Thus, the interfacial bonding failure at the
Si dies surface is hardly seen. Both HTLF-1 and HTLF-2
solders had more than 50% Sn, which will continuously react
with Ni and Ag metallization from Si die during soldering. If
those layers are too thin, they will be fully consumed to form
interfacial IMCs and detached from the bottom Ti layer, which
was used as the adhesion layer between the Si and Ni bonding
interfaces. Due to the poor wettability of the Ti layer, lead-free
solders may de-wet from the Ti surface. This will cause poor
voiding due to the interfacial dewetting and thus weaken the
bonding interface. The thicker metallization layer on the Si die
surface, especially the thicker solderable Ni layer, is recom-
mended if moving toward lead-free. In practice, 500 nm Ni
metallization and 200 nm Ag metallization on Si die surface
has proven high compatibility as a drop-in solution to replace
high-Pb solders. The metallization of 350 nm Ni and 200 nm
Ag on Si dies can also survive if using cold and/or short reflow
profiles. The authors are actively working with the DA5 con-
sortium and some partners to study the impacts thoroughly
when using HTLF solders to replace high-Pb ones in power
semiconductor packaging.

CONCLUSIONS

Two Sn-based HTLF solder pastes combining the merits of
two constituent powders were prepared and tested as drop-in
solutions to replace high-Pb solder pastes in power discrete
applications. Both HTLF solder pastes (HTLF-1 and HTLF-2)
can be successfully processed to build encapsulated components

using the current high-Pb production process. Voiding and MSL
performance are similar for both HTLF solder pastes and com-
parable to Pb92.5/Sn5/Ag2.5. Neither cracks nor delamination
were observed in the joint cross-section morphology after 1,000
cycles of TCT (255/175!C). Both HTLF solder pastes substan-
tially outperformed Pb92.5/Sn5/Ag2.5 in RDS(on) before and
after TCT. The current results validated the new design; the
two pastes developed on the basis of the design (HTLF-1 and
HTLT-2) have been successfully demonstrated in production
with the current high-Pb process, although optimization may
still be needed. The performance of the components with HTLF
pastes is superior to that of Pb92.5/Sn5/Ag2.5 as was desired in
the design.

In conclusion, HTLF-1 and HTLF-2 provided new drop-in
options for replacing high-Pb in power discrete applications,
with superior performance compared with high-Pb.
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