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Transient liquid phase (TLP) bonding of Cu substrates was conducted with
interlayer systems with the stacking sequences Ag–Sn–Ag (samples A), Ni–
Sn–Ni (samples B), and combined Ag–Sn–Ni (samples C). Because of the low
mismatch of the coefficients of thermal expansion, characteristics of the TLP
process and mechanical and thermal behavior of TLP-bonded samples could be
investigated without interference from thermally induced residual stresses.
An ideal process temperature of 300�C, at which the number of pores was
lowest, was identified for all three layer systems. It was verified experimen-
tally that formation of pores resulted from volume contraction during
isothermal solidification of liquid Sn into intermetallic compounds (IMC).
Temperature and interlayer-dependent growth characteristics of IMC ac-
counted for the increasing size and number of defects with increasing process
temperature and for different defect positions. The shear strength was mea-
sured to be 60.4 MPa, 27.4 MPa, and 40.7 MPa for samples A, B, and C,
respectively, and ductile fracture features were observed for Ag3Sn IMC
compared with the purely brittle behavior of Ni3Sn4 IMC. Excellent thermal
stability for all three layer systems was confirmed during long-term annealing
at 200�C for up to 1200 h, whereas at 300�C the microstructure was driven
toward Ag–Sn solid solution, accompanied by Cu diffusion from the substrate
along grain boundaries and Cu3Sn IMC formation (A), and toward Ni-rich
IMC phases (B). Combined IMC interlayers (C) tended to be transformed into
Ni-based IMC when held at 300�C; intermixing into (Ni,Cu)3Sn was accom-
panied by pore formation.

Key words: TLP bonding, microstructure, defect formation, shear strength,
annealing

INTRODUCTION

Power module packaging faces demanding chal-
lenges because of harsh restrictions on Pb-based
solder alloys and the increasing tendency to minia-
turize devices by introducing SiC technology.
Replacement of Si semiconductors has the potential
to result in greater efficiency, because SiC is much
more temperature-resistant, so power modules can
theoretically operate at higher temperatures and
active cooling systems or heat sinks can be reduced

or even avoided.1,2 In this context, transient liquid
phase (TLP) bonding has been identified as a
promising low-temperature joining technique which
satisfies the above mentioned demands of chip
packaging.

Low-temperature TLP bonding is achieved by
placing a sandwiched interlayer system consisting
of a high-melting-point material, i.e. Cu, Ni, Ag, or
Au, and a low-melting-point material, i.e. Sn or In,
between the two components to be joined. After
melting of the interlayer, interfacial formation of
intermetallic compounds (IMC) starts and isother-
mal solidification of the connection proceeds until(Received March 12, 2015; accepted August 10, 2015;
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the liquid metal is fully consumed. This diffusion-
controlled mechanism leads to the exceptional fea-
ture of TLP bonding that the remelting temperature
of the joint is higher than the process temperature.3

However, before TLP bonding can be reliably
implemented in applications, fundamental research
is required to enable understanding and control of
the joining process and for determination of the
durability and limitations during operating condi-
tions. Many researchers have investigated the
growth kinetics, diffusion mechanisms, and mor-
phological characteristics of formation of IMC from
different layer systems, e.g. Cu–Sn,4–7 Ni–Sn,4,8–12

Ag–Sn,13–18 or In-based systems.19–23 Schaefer
et al.6 developed a model in which grain boundary
(GB) diffusion was identified as the factor respon-
sible for the observed t1/3 growth kinetics of the Cu–
Sn IMC layer with scallop-like morphology. Li
et al.14 used sandwiched Ag–Sn–Ag structures to
determine the kinetics of scallop-like Ag3Sn IMC
growth, and confirmed the t1/3-dependence for tem-
peratures of 260�C, 300�C, and 340�C and holding
times from 5 min to 475 min. Gur and Bamberger10

identified a microstructural transition zone (MTZ)
which was explained by the simultaneous and
opposite growth of coarse-grained Ni3Sn4 IMC to-
ward the Sn side and fine-grained Ni3Sn4 toward
the Ni substrate. The IMC scallops observed at
500�C were shown to transform into elongated fa-
ceted grains compared with reaction at lower tem-
peratures of 400�C and 350�C. In a different
approach, Görlich et al.19 used near-isothermal
experimental conditions (250�C) from 30 s to 7 days
of holding time and observed that Ni3Sn4 IMC
growth kinetics were best fitted by a cubic growth
law for periods up to 3 min but followed a parabolic
function for longer holding times. Needle-like
Ni3Sn4 IMC at the Ni–Sn interface and detached
polygonal IMC crystals were observed, in good
agreement to the work of Bader et al.8 These fun-
damental studies aided understanding of the effect
of such conditions as temperature, time, and heat-
ing rate, and the grain structure and chemical
composition of the layers on IMC growth behavior
during TLP bonding.

Effort has also been devoted to characterization of
TLP bonded chips to metallic substrate materials
when a high mismatch between the coefficients of
thermal expansion (CTE) strongly affects the
microstructural,24–26 mechanical,27–29 or electrical
properties30 after processing, annealing, or thermal
cycling.

However, the characteristics of the TLP process
and the thermal stability of TLP bonded compo-
nents without or with a negligible CTE mismatch
have hardly been investigated. Bosco et al.31 TLP
bonded Cu substrates with coated Sn interlayers at
550�C and derived a model for defect formation
which predicted that a minimum thickness of Sn is
required to minimize defects. This condition ensures
that a continuous Sn layer is left after heating and

the corresponding solid-state formation of Cu–Sn
IMC before the melting point of Sn is exceeded and
the solid–liquid reaction starts. While useful, the
proposed model seems to be valid only for coated
interlayers and the process temperature investi-
gated is much too high for chip packaging. In follow-
up work,32 they observed that heat treatment for
30 min at 550�C improved the initial bending
strength of Cu–Sn TLP bonded rod specimens from
300 MPa to 400 MPa, because of a change in
microstructure from pure IMC to a mixture of IMC
and Cu–Sn solid solution. Gollas et al.33 used TLP-
bonded Cu substrates with Ag–Sn/In–Ag interlay-
ers for high-temperature in situ x-ray diffraction
(XRD) measurements during annealing at 320�C.
They tracked the transformation of Ag3Sn into
Ag5Sn after 40 min and subsequently into Ag–Sn
solid solution after 480 min of holding time. Chung
et al.34 proposed the use of Sn2.4Ag solder instead of
pure Sn to join Ni-coated substrates. Voids within
the Ni3Sn4 IMC layer were filled by Ag3Sn IMC in
long-term solid-state reactions. Similarly, a patent
by Chang et al.35 claims elimination of voids within
the IMC layer as a result of formation of a dual-
phase IMC layer by applying interlayers between
two substrates with different metallization.

In this work, three different interlayer systems,
Ag–Sn–Ag, Ni–Sn–Ni, and combined layers of Ag–
Sn–Ni, were investigated by use of the same
methodology. Microstructural analysis of TLP-bon-
ded Cu specimens was performed to find the opti-
mum process conditions for chip packaging
(Tmax = 350�C) from the perspective of both process
kinetics and the appearance of joining defects.
General and interlayer-dependent mechanisms for
defect formation, mechanical shear strength, and
failure behavior are of interest for TLP-bonded
samples with the three interlayer systems. Near-
service conditions on TLP joints were simulated by
annealing experiments at 200�C and 300�C while
microstructural changes were monitored over time.

EXPERIMENTAL

Two Cu plates with the dimensions
110 mm 9 60 mm 9 4 mm were electroplated with
14 lm Ag and with 17 lm Ni, respectively. After
coating, both plates were cut into smaller
5 mm 9 5 mm 9 4 mm samples by electrical dis-
charge machining (EDM) and the sharp sample
edges were chamfered at an angle of 45�, which re-
duced the effective bonding area to 20.25 mm2

(4.5 mm 9 4.5 mm). Sn foil of thickness 8 lm and
purity 99.75% was used (Goodfellow Cambridge), to
avoid solid-state reactions during heating which
occur for coated interlayers, as discussed else-
where.31 The surface and bulk quality of the coated
layers (after cutting and degreasing) and the Sn foil
(as-delivered) were analyzed by x-ray photoelectron
spectroscopy (XPS). A small amount of sulfate was
found on the Ag coating because of contact with the
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dielectric medium during EDM; no residues were
observed on the surface of the Ni coating. The sur-
face of the Sn foil was contaminated with reaction
products containing S, P, and Cr; an oxide layer of
thickness 10 nm was also detected. To remove con-
taminants and oxides, Ag-coated Cu substrates and
the Sn foil were dipped for seconds in HNO3

(5 vol.%) and HCl (10 vol.%), respectively. Sub-
strates and foil were assembled in accordance with
Fig. 1a to perform TLP bonding with Ag–Sn–Ag
(samples A), Ni–Sn–Ni (samples B), and Ag–Sn–Ni
(samples C) interlayer combinations.

Investigations on combined interlayers are of
interest for technical applications in which (different)
as-delivered coatings may be used for TLP bonding
instead of depositing additional layers and when the
approaches discussed in Refs. 34 and 35 are applied.
All joining experiments were conducted in a tube
furnace system under an argon 6.0 shielding gas
atmosphere while applying a bonding pressure of
0.3 MPa. A heating rate of 15�/min was selected but
slow cooling of approximately 2�/min was used to
minimize thermal gradients within the samples. The
process temperature varied among 260�C, 300�C, and
350�C and the isothermal holding time was adjusted
in accordance with the IMC growth kinetics investi-
gated in our previous work.15,36 The rate of con-
sumption of Sn, zSn,con, was determined as a function
of temperature and time according to:

zSn;con T; tð Þ ¼ u
uþ 1

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k0 exp

�Q

RT

� �
� t

s" #

¼ u
uþ 1

� �
� zIMC T; tð Þ

(1)

with

u ¼ Y

X
�MðSnÞ=qðSnÞ

MðBÞ=qðBÞ (2)

where u is the transformation factor which de-
scribes how much Sn (in volume or thickness) is
consumed by formation of an IMC layer zIMC of de-
fined thickness. M is the molar mass, q is the den-
sity of Sn and base material B (Ag or Ni). X and Y
are the stoichiometric atomic ratios of the forming
IMC, e.g. X is 3 and Y is 4 for Ni3Sn4 IMC. R is the
universal gas constant, t is the time, and T is the
process temperature in Kelvin. The activation en-
ergy Q with identical electroplated coatings was
derived as 30.6 kJ/mol for Ag3Sn IMC growth15 and
43.3 kJ/mol for Ni3Sn4 IMC growth;36 the propor-
tionality constant k0 was 4.6 9 10�7 cm2/s for the
Ag–Sn system and 4.93 9 10�7 cm2/s for the Ni–Sn
system. The holding time t for TLP bonding can be
calculated by transforming Eq. 1 and inserting the
holding temperature T and the required Sn con-
sumption of 4 lm (at both base metal–Sn inter-
faces). Calculation resulted in holding times of
80 min at 260�C, 60 min at 300�C, and 45 min at
350�C for the three interlayer systems to fully con-
sume the liquid Sn phase. These temperatures were
selected because joining processes in high-power
modules are limited to 350�C, at which the semi-
conducting properties of Si and the consistency of
polymeric insulators are not affected.

Cu was selected as substrate material to minimize
thermally induced residual stresses after joining
and to achieve rapid and homogeneous heating of
the samples. After the TLP process, the samples
were embedded in cold mounting resin and pre-
pared metallographically by step-wise grinding and
final polishing with silica suspension. The polished
samples were subsequently treated by argon ion
beam flat milling (Hitachi IM4000) to remove
preparation artefacts, for example smearing be-
tween ductile interlayers. Microstructure was
investigated by scanning electron microscopy (SEM;
Hitachi S-3700 N) and energy-dispersive x-ray
spectroscopy (EDS; EDAX Octane Pro). Mechanical

Fig. 1. (a) Schematic diagram of assembly of coated Cu substrates and Sn foil for TLP bonding (all values in brackets are in lm); (b) shear test
set up for TLP-bonded Cu substrates.
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shear strength was investigated for samples from
series A, B, and C which had been TLP bonded at
300�C, because of their small number of defects
(shear test device by Walter and Bai). A sample
holder, shown in Fig. 1b, was designed to guarantee
ideal fixing and adjustment to a shear blade con-
sisting of tungsten carbide (WC) and to apply the
shear force F directly above the TLP joint. The mean
shear strength was determined from 7 measure-
ments for every sample type. Overlaying bending
moments M on the joint during shear testing can be
estimated for our set up by use of Eq. 3; the results
are listed in Table I.

M ¼ F � a� c

2

� �
(3)

Fractographic analysis by SEM and EDS was per-
formed to determine failure mode and position.
Furthermore, TLP-bonded samples A, B, and C with
smallest number of defects, i.e. those joined at
300�C, were subjected to isothermal annealing at
temperatures of 200�C and 300�C for up to 1200 h of
holding time in an air furnace (Nabertherm).
Microstructural changes during annealing were
analyzed by SEM and EDS on cross sections, as
described above.

RESULTS

TLP Bonding with Ag–Sn–Ag Interlayers

Phase Formation During TLP Bonding

TLP bonding on samples A with Ag–Sn–Ag
interlayers was performed at 300�C and 350�C. At
both temperatures, the process was interrupted
after 1 min of dwell time to freeze an intermediate
stage of Ag3Sn IMC formation. At 300�C, small and
randomly distributed IMC scallops can be observed
in Fig. 2a; similar larger scallops with an averaged
lateral grain size of 10 lm evolve when the tem-
perature is increased to 350�C, as shown in Fig. 2b.
Some of these large scallops already reach the
opposite reaction front line after short holding time
of 1 min. After full consumption of Sn, TLP joints
produced at 350�C contain a large number of pores
within the IMC layer (Fig. 2d) whereas a lower
process temperature of 300�C leads to significant
reduction of defect size and amount, as shown in
Fig. 2b. EDS measurements revealed a higher con-

centration of Sn in the Ag layers after processing at
350�C than after processing at 300�C, i.e. approxi-
mately 4 at.% and approximately 2 at.%, respec-
tively. Ag can be distinguished from the Ag3Sn IMC
by the different grain size; the Ag layers have a
much finer grain structure compared with the
sandwiched Ag3Sn IMC layer between them. Shear
tests were performed on samples TLP bonded at
300�C which contain significantly fewer defects. The
measured values are summarized in Table I. The
mean measured external shear force Fmean was
1222 ± 141 N; this corresponds to a mean shear
strength, smean, of 60.4 ± 7 MPa when the effective
bonding area is considered. Pronounced shear
marks, shown in Fig. 3a, were observed all over the
fracture surface, indicating the force direction par-
allel to the joint. In a small volume at the end
opposite to that of shear force introduction, plastic
deformation marks were found, as shown in Fig. 3b.
The tilt angle represents the force direction, and
suggests a small fraction of tensile loading. This is
most likely to be related to crack opening immedi-
ately before fracture so that the top substrate
slightly tilts and the applied force no longer acts
parallel to the joint. Only cohesive fracture within
the Ag3Sn IMC layer was observed.

Phase Formation During Annealing

Long-term annealing was performed on samples
A bonded at a processing temperature of 300�C.
After annealing at 200�C for 400 h, the concentra-
tion of Sn in the surrounding Ag layers increased to
4 at.% on average. After 1200 h, EDS measure-
ments confirmed that 7 at.% Sn had dissolved in the
Ag layers. According to the binary Ag–Sn phase
diagram, the maximum solubility of Sn in the fcc Ag
crystal lattice is approximately 10 at.% between
200�C and 400�C.

Changes in microstructure after isothermal
annealing at 300�C for 400 h are shown in Fig. 4. Sn
had dissolved in the Ag layers and reached its solid
solution concentration of approximately 10 at.%.
The Ag3Sn and Ag layers still differ in grain size, as
depicted in Fig. 4a. When the BSE phase contrast
was strongly amplified, formation of an additional
phase, i.e. Cu3Sn, was revealed (Fig. 4b); it was
equally distributed within the Ag3Sn and Ag layers.
The volume fraction of Cu3Sn in the surrounding Ag

Table I. Summary of shear test results for samples A, B, and C

Sample Fmean (N) SD (force) (N) rmean (MPa) SD (stress) (MPa) Mmean (Nm) rmax (MPa) rmin (MPa)

A
Ag–Sn–Ag

1222 141 60.4 7 2.14 64.5 49.1

B
Ni–Sn–Ni

554 130 27.4 6.4 0.97 33.3 19.5

C
Ag–Sn–Ni

825 318 40.7 13.7 1.44 59.7 24.2
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and Ag3Sn matrix was measured from the phase
contrast in the binary image as 3.8 vol.%. Cu3Sn
IMC formation evolves along grain boundaries
which leads to their elongated shape. Diffusion
rates of Cu into both Ag and Ag3Sn are sufficiently
high at 300�C to cross the layered structure whereas
at 200�C this effect was not observed.

Diffusion of Cu continues when annealing is
continued for 1200 h; this results in the growth of
existing Cu3Sn particles and the nucleation of new
Cu3Sn particles. Figure 4c and d show the signifi-
cant volumetric increase of Cu3Sn fraction to 14.4
vol.%. The difference between the grain sizes of Ag
and Ag3Sn has vanished in Fig. 4c, and EDS mea-
surements confirmed that the Cu3Sn IMC particles
are embedded in a matrix of Ag–Sn solid solution
containing 10 at.% of Sn.

TLP Bonding with Ni–Sn–Ni Interlayers

Phase Formation During TLP Bonding

TLP bonding for series B was performed with Ni–
Sn–Ni interlayers. TLP-bonded samples obtained at
260�C in Fig. 5a and at 300�C in Fig. 5b have sim-
ilar microstructure. Characteristic defects form
within the Ni3Sn4 IMC layer, with pores positioned
at a more or less constant distance of 1 lm from the
Ni–Ni3Sn4 interface, leading to the formation of two
defect planes. Interestingly, no defects could be ob-
served along the bond center line. However, if the
process temperature is increased to 350�C, large

Fig. 2. TLP bonding of samples A at 300�C for (a) 1 min and (b) 60 min, and at 350�C for (c) 1 min and (d) 45 min.

Fig. 3. Top view of fracture surface of samples A with (a) shear
marks as the predominant feature and (b) dimples in a small area at
the end opposite to that of shear force introduction.
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defects appear in the central part of the TLP-bonded
samples, as is apparent in Fig. 5c.

A mean shear strength of 27.4 ± 6.4 MPa was
measured for samples bonded at 300�C, i.e. signifi-
cantly lower than for samples A. The fracture sur-
face shown in Fig. 6 confirms that the failure
behavior is purely brittle and occurs within the
Ni3Sn4 IMC layer at one of the defect planes. Nee-
dle-like IMC structures can be detected, with regu-
larly distributed holes which represent the pores
already viewed during the investigation of
microstructure (Fig. 5b).

Phase Formation During Annealing

Samples B for annealing experiments with Ni–
Ni3Sn4–Ni interlayers were TLP-bonded at 300�C
for 60 min; the microstructure is shown in Fig. 5b.
At 200�C, no changes of the microstructure could be
observed after isothermal annealing for up to
1200 h.

When the annealing temperature was increased
to 300�C, formation of a Ni3Sn2 layer 1 lm thick
was observed at the initial Ni–Ni3Sn4 interface after
400 h of holding time. This is in agreement with the
Ni–Sn binary phase diagram which predicts the
Ni3Sn2 phase when moving from the Sn-rich side
toward the Ni-rich side. The microstructure of these
samples is shown in Fig. 7a, in which a slight BSE
contrast between Ni3Sn4 and Ni3Sn2 is visible. The
defect size and amount is remarkably reduced
compared with the as-bonded samples (Fig. 4b).

Therefore, submicron-sized pores appear at the Ni–
Ni3Sn2 interface.

With a longer annealing time of 1200 h, the
thickness of the Ni3Sn2 layers approximately dou-
bles and reaches a mean value of 2 lm. Simultane-
ously, Ni3Sn layers of averaged thickness 0.75 lm
form at the initial Ni–Ni3Sn2 interfaces. Although
the Ni3Sn layer grows more slowly than the Ni3Sn2

layer, Ni atoms can still diffuse into Ni3Sn2 and the
system tends to form the final IMC phase in accor-
dance with the binary Ni–Sn phase diagram. The
corresponding microstructure is shown in Fig. 7b, in
which the single layers are distinguished by
adjustment of the BSE phase contrast. Pore size and
the number of pores in the IMC layer are slightly
reduced compared with the samples annealed for
400 h. The electroplated Ni layer acts as an effective
diffusion barrier for Cu atoms from the substrate
material under these experimental conditions, be-
cause Cu–Sn IMC did not appear and Cu was not
detected anywhere in the interlayer system (in
contrast with samples A with Ag layers, as dis-
cussed in the section ‘‘Phase Formation During
Annealing’’).

TLP Bonding with Ag–Sn–Ni Combined Inter-
layers

Phase Formation During TLP Bonding

As is apparent from Fig. 8a and b, holding
isothermal at 260�C for 80 min was not sufficient to

Fig. 4. TLP bonded microstructure with Ag–Ag3Sn–Ag during annealing at 300�C, as grain structure image after (a) 400 h and (c) 1200 h, and as
phase-contrast image after (b) 400 h and (d) 1200 h.
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completely transform the liquid Sn layer into IMC,
although complete transformation was expected
according to Eq. 1. Characteristic features of Ag3Sn
and Ni3Sn4 IMC morphology can be seen: the
Ni3Sn4 IMC layer at the Ni interface grows with
elongated and faceted structures whereas the Ag3Sn
phase forms scallop-like IMC. Ni3Sn4 IMC islands
are embedded in the remaining Sn and detached
from the needle-shaped IMC layer below. It can be
remarked that these IMC islands hinder growth of
Ag3Sn scallops, as indicated at Pos. 1 and Pos. 2.
The scallops are forced to grow around the Ni3Sn4

IMC islands; this results in a change of their well-
defined scallop-like shape.

When the process temperature is increased to
300�C, an intermetallic bonding zone with a very
small number of defects is obtained, as shown in
Fig. 8c and d. Valleys between single Ni3Sn4 nee-
dles are filled with Ag3Sn IMC. Small amounts of
small submicron-sized defects can be observed
within the Ni3Sn4 layer only.

However, further increase of the process temper-
ature to 350�C clearly results in more defects, as
illustrated in Fig. 8e and f. Pores of size of up to
2 lm form predominantly within the Ni3Sn4 layer; a

Fig. 5. TLP bonding of samples B at (a) 260�C, (b) 300�C, and (c)
350�C.

Fig. 6. Top view on fracture surface of samples B.

Fig. 7. TLP bonded microstructure with Ni–Sn–Ni after annealing at
300�C for (a) 400 h and (b) 1200 h.
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smaller amount of smaller pores of size<1 lm oc-
curs within the Ag3Sn IMC layer.

Shear tests on samples C, TLP bonded at 300� C,
resulted in a mean shear strength of 40.7 ±
13.7 MPa. The brittle fracture behavior is domi-
nated by the Ni3Sn4 IMC, and crack propagation
mainly occurs within the Ni3Sn4 layer, where pores
are mainly expected. However, the fracture surface
in Fig. 9 also shows that failure can occur along the
Ag3Sn–Ni3Sn4 interface when Ag3Sn scallops are
visible. The shear strength is between those obtained
for samples A and B. Although failure appears in the
Ni3Sn4 layer for samples B and C (predominantly),
the much smaller number of defects in samples
C leads to the increase of shear strength.

Phase Formation During Annealing

Annealing experiments were conducted on sam-
ples C with combined IMC layers Ag–Ag3Sn–

Ni3Sn4–Ni which were TLP bonded at 300�C for
60 min, on the basis of investigations reported in
the section ‘‘Phase Formation During TLP

Fig. 8. TLP bonding of samples C at (a) 260�C, (c) 300�C, (e) 350�C, and, with higher magnification, in (b), (d), and (f).

Fig. 9. Top view on fracture surface of samples C.
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Bonding’’. Changes in microstructure were moni-
tored during annealing at 200�C when, after 400 h,
Ag3Sn IMC was already transformed into Ag–Sn
solid solution and a more or less planar layer of
Ni3Sn4 formed. The Ag layer contained 6 at.% Sn.
Interestingly, the microstructure did not change
further when the samples were annealed for 1200 h,
as shown in Fig. 10a

Annealing at 300�C for 400 h led to formation of
(Ni,Cu)3Sn IMC containing 55 at.% Ni, 12 at.% Cu,
and 33 at.% Sn. Cu was again provided by diffusion
from the substrate through the Ag layer. Ag3Sn
IMC was not found in the joint. Longer annealing
time up to 1200 h did not further affect the
microstructure and the chemical phase composition
within the samples, as illustrated in Fig. 10b.
However, the transformations at 300�C were
accompanied by formation of pores within the IMC
layer and at the (Ni,Cu)3Sn–Ni and (Ni,Cu)3Sn–Ag
interfaces.

DISCUSSION

Mechanisms of Defect Formation During TLP
Bonding

TLP bonding of samples A, B, and C with different
interlayer combinations revealed that the process
temperature has a significant effect on the
microstructure of the joint, in particular the num-
ber, size, and position of pores. Irrespective of the
interlayer system, an ideal process temperature of
approximately 300�C was identified. At this tem-
perature the number of pores was minimized and

the reaction kinetics were maximized, resulting in
the most efficient joining process.

In our previous work on the formation of Ag3Sn
IMC,15 we proved that the root-mean-square (RMS)
roughness of the scallop-like Ag3Sn IMC growing
toward the liquid Sn phase increases with higher
holding temperature. Scallops become broader and
more irregular. During TLP bonding, scallops sym-
metrically nucleate at both Ag–Sn interfaces and
propagate into the liquid Sn. After a specific time,
both growth front lines meet and leave behind en-
trapped Sn islands in the center of the joint which
are isothermally transformed into Ag3Sn IMC.
Equation 4 shows the reactions from incomplete to
complete IMC transformation:

3Ag þ Sn þ Ag3Sn ! 2Ag3Sn ) 3Ag þ Sn ! Ag3Sn

(4)

When mass conservation is considered, the volume
difference DV between IMC and base materials can
be obtained from:

DV ¼ 1 � 1M Ag3Snð Þ=q Ag3Snð Þ
3M Agð Þ=q Agð Þ þ 1M Snð Þ=q Snð Þ (5)

According to Eq. 5, the transformation process leads
to volume contraction of approximately 9 vol.% and
the probability of shrinkage porosity is expected to
increase when the remaining Sn islands are large.
Because of the temperature-dependent morphology
of the Ag3Sn scallops, the size of the Sn islands will
increase when higher process temperatures are
used. The process of defect formation during TLP
bonding with Ag–Sn–Ag interlayers is shown
schematically for a process temperature T1 in
Fig. 11a and b and for T2 (>T1) in Fig. 11c and d.
This model is in good agreement with the experi-
mental observations in Fig. 2, when massive scal-
lops grew at 350�C after 1 min (Fig. 2c) whereas
more but smaller scallops nucleated at 300�C after
1 min (Fig. 2a). Higher process temperature re-
sulted in a flawed TLP joint (Fig. 2d), and reducing
the temperature by 50�C led to only sporadic
development of submicron-sized pores (Fig. 2b). As
predicted by the model, pores form within the Ag3Sn
IMC layer in which scallops growing from both sides
impinge.

The model for formation of shrinkage porosity in
samples A was further confirmed by means of an
additional TLP experiment at 320�C with a dwell
time of 20 min. Figure 12 shows the microstructure
of this joint when the TLP process is incomplete, yet
as it could be estimated by use of Eq. 1. At this late
reaction stage, randomly distributed Sn entrap-
ments can be seen within the IMC layer. The mag-
nified view of one of these Sn islands in Fig. 12b
reveals that pores can form as a result of different
specific volumes of Sn and Ag3Sn. Bosco’s model31 of
defect formation during TLP bonding with Cu–Sn–
Cu interlayers cannot be used for our joining con-Fig. 10. TLP bonded microstructure with Ag–Ag3Sn–Ni3Sn4–Ni after

annealing for 1200 h at (a) 200�C and (b) 300�C.
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figuration, because the issue of solid-state IMC for-
mation was effectively bypassed by using Sn foil
instead of coatings. Bosco identified Sn coating
thickness and heating rate as crucial factors, and
our work extends this concept and introduces pro-
cess temperature as having a major effect on the
microstructure of TLP bonded joints.

The porosity of TLP bonded samples B with Ni–
Sn–Ni interlayers can be deduced from a volume
contraction of approximately 11 vol.% when Eqs. 4
and 5 are applied to Ni3Sn4 IMC formation. This is
in good agreement with the value obtained in
Ref. 34 when void formation in the Ni–Sn system
under solid-state conditions was correlated with
shrinkage effects. At processing temperatures of
260�C and 300�C, pores only appear in two defect
planes at a defined distance from the Ni layers. This
effect is a result of the morphological characteristics
of Ni3Sn4 IMC growth.8,9,36 After nucleation, nee-
dle-like Ni3Sn4 IMC grains grow from the liquid, as
shown in Fig. 13a. Ni can dissolve in the liquid Sn,
because the IMC layer is not dense and intimate
contact points between Ni and liquid Sn provide fast
diffusion paths. Because of needle growth in the
length and width directions, the IMC layer at the Ni
interface densifies and becomes detached, and more
or less equiaxed Ni3Sn4 IMC particles nucleate
within the liquid Sn, as shown schematically in

Fig. 13b. Persistent diffusion of Ni into the liquid Sn
through the Ni3Sn4 IMC layer leads to coalescence
of the Ni3Sn4 particles, and Sn islands form ahead of
the needle-like IMC. Shrinkage porosity occurs and
leaves defect planes behind, as observed experi-
mentally. The final process step, with full transfor-
mation into the IMC, is shown schematically in
Fig. 13c. At 350�C, large defects also appear along
the center of the joint, probably because of very
irregular growth of the detached Ni3Sn4 particles
and formation of Sn entrapments. The number of
pores in samples B could be reduced by choosing a
process temperatures below 300�C but (nearly) de-
fect free TLP joints could not be achieved, in con-
trast with samples A. Growth of detached Ni3Sn4

IMC can certainly be avoided by using much thin-
ner Sn foil (approx. 2 lm). Handling of such thin foil
is, however, very difficult.

In contrast with samples A and B, for which a
lower process temperature led to better joints, a
narrow temperature range at approximately 300�C
was identified for samples C with combined layers of
Ag–Sn–Ni in which a nearly defect-free microstruc-
ture was obtained. Ag3Sn IMC fill the valleys of
Ni3Sn4 needles, as is apparent in Fig. 8c and d.
Formation of two neighboring IMC layers is different
from the morphology suggested in the patent by
Chang,35 in which the second intermetallic phase is

Fig. 11. Schematic diagram of TLP bonding by use of Ag–Sn–Ag interlayers, with intermediate step and after full transformation into IMC at T1 in
(a) and (b) and at T2> T1 in (c) and (d).
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supposed to be fully integrated within the first
intermetallic phase. Single small pores can be found
only within the Ni3Sn4 layer. At 350�C, the position
of most of the pores is identical but their size and
number increase substantially because of more
irregular growth of the IMC needles and shrinkage
porosity (Fig. 6e and f). At a lower temperature,

260�C, process kinetics, of the Ag3Sn IMC scallops in
particular, are too slow to meet the Ni3Sn4 IMC
needles before the detached Ni3Sn4 particles nucle-
ate as shown in Fig. 13. These particles act as
obstacles to the scallops, as indicated by Pos. 1 and 2
in Fig. 8b. Consequently, after 80 min dwell time
(sufficient when kinetics for the individual systems
Ag–Sn and Ni–Sn are considered), a large volume of
Sn is still left in the system. Besides very slow
kinetics, the TLP joint is expected to result in a large
number of defects after full transformation into IMC.
It is essential for homogeneous and defect-free TLP
joints to have a second intermetallic phase, here
Ag3Sn, with sufficiently rapid kinetics to prevent the
detached Ni3Sn4 IMC from nucleation.

In general, the volume of the entrapped Sn is-
lands is related to coarsening and the interfacial
roughness (i.e. irregularity) of the IMC forming
within the liquid Sn layer. Because both increase
with increasing temperature and time, the process
can be adjusted to achieve void reduction. In this
study the threshold value for temperature was
found experimentally to be 300�C, but it can be
strongly assumed that thinner Sn foil (faster pro-
cess time) will also lead to fewer defects within the
IMC layer.

Thermal Stability of TLP-Bonded Microstruc-
tures

As documented by Bosco et al.32 and Gollas
et al.,33 TLP bonded systems tend to transform to-
ward phases with a higher proportion of the high-
melting-point material, i.e. Ag, Ni, or Cu, and finally
into solid solution during heat treatment. Our work
showed that the required mobility of atoms is not
sufficiently high at 200�C and the microstructures
hardly change in binary interlayer systems after
long-term annealing up to 1200 h. Thus, TLP
bonding is a promising technique for chip packaging

Fig. 12. (a) Entrapped Sn islands after incomplete TLP process with
Ag–Sn–Ag interlayers, (b) pore formation from Sn island.

Fig. 13. Schematic diagram of TLP bonding using Ni–Sn–Ni interlayers: (a) early stage after t1, (b) intermediate stage after t2> t1 and (c) after
full transformation into IMC after t3> t2.
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applications when peak temperatures up to 175�C
are applied. Because the microstructure is stable,
mechanical, thermal, and electrical properties will
not change during operation (unless as a result of
thermo-mechanical fatigue). In combined interlay-
ers with adjacent Ag3Sn and Ni3Sn4 IMC, trans-
formations are driven toward Ni3Sn4 IMC, as a
result of the different enthalpy of formation, DHf.
Ni3Sn4 IMC are energetically favored with
DHf = �7.4 kJ/molSn

37 compared with Ag3Sn with
DHf = �4.2 kJ/molSn.38 When transformation into a
planar Ni3Sn4 layer is complete after 400 h, the
microstructure does not further change during long-
term annealing. The remelting temperature of the
joint is increased from 480�C (Tm;Ag3Sn) in the as-
bonded state to 794.5�C (Tm;Ni3Sn4

) after annealing.
Annealing at 300�C can be used to adjust the

characteristics of the microstructure of TLP-bonded
components and to improve the properties of the
joint. For samples A, two transformation processes
overlap when the Ag3Sn IMC is converted into an
Ag–Sn solid solution and Cu3Sn particles form be-
cause of diffusion of Cu from the substrate material
into the TLP system. Elongated Cu3Sn precipitates
evolve randomly within the Ag3Sn IMC layer and
the Ag–Sn solution along grain boundaries where
Cu diffuses fastest. Cu3Sn IMC are energetically
favored with a enthalpy of formation DHf = �8.2
kJ/molSn compared with the Ag3Sn IMC with
DHf = �4.2 kJ/molSn.38 Because Ag3Sn IMC and
Cu3Sn both have an orthorhombic structure, Cu
atoms can easily substitute Ag atoms in the crystal
lattice. This effect could be avoided by depositing
diffusion barriers consisting of, e.g., Ni or W be-
tween the Cu substrate and the Ag coating. After
long-term annealing for 1200 h, the transformation
processes result in a microstructure of Cu3Sn par-
ticles embedded in a matrix of Ag–Sn solid-solution,
as shown in Fig. 4. It is important to mention that
the initial interlayer thickness ratio of Ag/Sn (3.5/1)
was not sufficient to form Ag–Sn solid solution,
which requires a ratio of at least 5.7/1, so full
transformation into Ag–Sn solid solution was only
enabled by simultaneous formation of Cu3Sn. Be-
cause of the lack of Ag, transformation into the Ag–
Sn solid solution requires much more time than
reported by Gollas et al.,33 when 480 min at 320�C
were sufficient. The remelting temperature of the
joint is increased and limited by the melting point of
Cu3Sn (676�C). It can be assumed that the thermal,
electrical, and possibly mechanical properties of the
joint are enhanced. Bosco et al.32 reported an in-
crease of bending strength from 300 MPa to
400 MPa when they compared TLP bonded joints
consisting of only Cu–Sn IMC with a mixture of
solid solution and IMC. However, this aspect might
be subject of a follow-up project because this work
focused mainly on microstructure.

Microstructure changes were also monitored for
samples B with initial Ni–Ni3Sn4-Ni interlayers. The

transformations were in accordance with the binary
Ni–Sn phase diagram, driven in the direction of the
lowest enthalpy of formation when the Ni3Sn4 phase
(DHf = �7.4 kJ/molSn) is converted into Ni3Sn2

(DHf = �17.5 kJ/molSn) and subsequently into Ni3Sn
(DHf = �21 kJ/molSn).37 The phase transformations
depend on diffusion of Ni into the Ni–Sn IMC; at
300�C this is too slow for full transformation into the
final Ni3Sn phase after 1200 h. A layered structure
consisting of Ni3Sn (Tm;Ni3Sn = 1174�C), Ni3Sn2

(Tm;Ni3Sn2
= 1264�C) and Ni3Sn4 (Tm;Ni3Sn4

= 794.5�C)
was obtained after annealing for 1200 h, as shown in
Fig. 7b, because in the Ni–Sn system solubility of Sn
atoms in the Ni lattice is only very low. Partial phase
transformations within the TLP joint occur in the
volume where pores are formed after TLP bonding.
After transformation, the size of these pores is sub-
stantially reduced which can be related to volume
expansion of 6 vol.% for Ni3Sn4 fi Ni3Sn2 and 3
vol.% for Ni3Sn2 fi Ni3Sn. This expansion works
opposite to the volume contraction described in the
section ‘‘Mechanisms for Defect Formation During
TLP Bonding’’, which accounts for shrinkage porosity
during TLP bonding. The Ni coating effectively pre-
vented Cu from diffusion into the TLP joint.

Annealing of combined interlayers is affected by
diffusion of Cu through the Ag layer so that inter-
mixing leads to formation of (Ni,Cu)3Sn IMC after
400 h. Because no further changes of the microstruc-
ture were observed during long-term annealing up to
1200 h, it can be assumed that the configuration is
stable against service temperatures of 300�C. Slight
degradation of the microstructure was observed for
samples C annealed at 300�C when the transforma-
tions led to formation of pores within the IMC layer
and between IMC and base metallization, which may
weaken the structural integrity of these joints. It is
noteworthy that formation of (Ni,Cu)3Sn IMC and
possibly pores could be suppressed by use of diffusion
barriers between the Cu substrate and the Ag coating.
Observations of phase transformations during
annealing in this work might be useful for the studies
reported in Refs. 34 and 35 with TLP joints consisting
of different IMC in intimate contact.

CONCLUSIONS

This work chose an approach in which Cu sub-
strates were TLP bonded with Ag–Sn–Ag, Ni–Sn–
Ni, and combined Ag–Sn–Ni interlayers. Because
the CTE mismatch was kept low, characteristics of
the TLP process and the mechanical and thermal
behavior of TLP bonded components could be
investigated without significant interference from
thermally induced residual stresses. The following
scientific conclusions were derived.

1. The optimum process temperature was 300�C
for all three interlayer systems; at this temper-
ature the number of pores is minimized and the
process efficiency (IMC growth rate) is high.
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2. It was verified experimentally that the mecha-
nisms of pore formation were related to volume
contraction (shrinkage porosity) during isother-
mal solidification from liquid Sn into IMC.
Different defect positions and amounts were
ascribed to the specific IMC growth character-
istics of each interlayer system.

3. Mechanical shear strength was shown to be
highest for samples A (Ag–Ag3Sn–Ag) and C
(Ag–Ag3Sn–Ni3Sn4–Ni), 60.4 MPa and
40.7 MPa, respectively, and lowest for samples
B (Ni–Ni3Sn4–Ni), 27.4 MPa. Crack propagation
occurred within the IMC layer where pores
weaken the structural integrity. Ductile fracture
features were identified within Ag3Sn IMC
whereas Ni3Sn4 IMC fracture was purely brittle.

4. Long-term annealing at 200�C resulted in
binary TLP bonded systems with very good
microstructure stability. At 300�C, IMC phases
transform toward Ag–Sn solid solution (from
Ag3Sn) and Ni3Sn (from Ni3Sn4). Cu diffuses
into Ag along grain boundaries and forms
regularly distributed Cu3Sn precipitates. Com-
bined IMC interlayers in samples C transform
toward Ni-based IMC at 200�C and 300�C. Ag–
Sn–Ag and Ni–Sn–Ni TLP systems are suitable
for service temperatures up to 300�C without
any degradation of microstructure. Combined
interlayers with the Ag–Sn–Ni stacking se-
quence are recommended for service up to
200�C, because pore formation occurs during
annealing at 300�C.
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