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The substitution of lead in the electronics industry is one of the key issues in the current drive towards
ecological manufacturing. Legislation has already banned the use of lead in solders for mainstream
applications (TM� 220 �C), but the use of lead in the solders for high-temperature applications (>85%
lead, TM� 250-350 �C) is still exempt in RoHS2. The search for proper substitutes has been ongoing among
solder manufacturers only for a decade without finding a viable low cost alternative and is the subject of
intensive research. This article tries to map the current situation in the field of high-temperature lead-free
soldering, presenting a short review of current legislation, requirements for substitute alloys, and finally it
describes some existing solutions both in the field of promising new materials and new technologies.
Currently, there is no drop-in replacement for lead-containing solders and therefore both the new materials
and the new technologies may be viable solutions for production of reliable lead-free joints for high-
temperature applications.
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1. Introduction

Public awareness of environmental issues including the use
and disposal of potentially toxic materials has never been
greater, with lead being the subject of particular scrutiny. Lead-
containing materials are among the most important posing a
great threat to human life and the environment. The main
reason is the danger of lead accumulation in the human body; it
leads to disorders of the nervous and reproductive systems,
delays in neurological and physical development, it causes
cognitive and behavioral changes and reduces the production of
hemoglobin resulting in anemia and hypertension. Currently,
lead poisoning is assumed to have occurred if the level of lead
in the blood exceeds 500 lg/mL, but recent studies have found
that a level of lead below the official threshold could be
hazardous to a child�s neurological and physical development
(Ref 1).

In industry, there has been increasing pressure to eliminate
lead-containing materials, which has had significant support of
the legislative process throughout the EU. Despite the fact that
the electronic industry is not the largest user of lead and lead-
containing chemicals (the electronics industry is only the 6th
largest consumer of lead but 80% of its consumption is in
solders), electronic products and processes were (and still are)
significant sources of lead contamination, through the both
occupational exposure and waste disposal of electronic assem-
blies, causing, e.g., the contamination of underground water
sources. In addition, there is the possibility of lead containing
effluents entering sewage disposal systems. Although there
seems to be no generally accepted description of the actual
mechanisms by which lead from disposed electronic products
enters the ground water stream and from there the animal or the
human food chain, it is generally agreed that the effect occurs.
Apparently it is connected with the action of water containing
oxygen, carbon dioxide, and possibly chloride on the lead-
containing solder materials.

Recent EU legislation DIRECTIVE 2002/95/EC, Restriction
of the use of certain Hazardous Substances (RoHS) in electrical
and electronic equipment (EEE), and the recast version (RoHS
2, DIRECTIVE 2011/65/EU) restricted the use of lead-con-
taining solders in many industries from July 1, 2006. A related
directive (DIRECTIVE 2002/96/EC, Waste EEE, WEEE) was
launched to promote the collection and recycling of electronic
equipment and the work with an update to this directive is
ongoing, Despite the fact that the materials for high-tempera-
ture soldering are among materials currently not affected by this
deadline, the pressure to remove hazardous substances contin-
ues and spreads to other, currently exempt fields. Likewise,
market pressures due to economies of scale are already having
an impact on industries currently exempt by the dwindling
availability of lead-containing high-temperature solders (for use
in the temperature intervals between 250 and 350 �C), thereby
causing another source of pressure for switching to lead-free
materials.

This article is an invited submission to JMEP selected from
presentations at the Symposia ‘‘Wetting, soldering and brazing’’ and
‘‘Diffusion bonding and characterization’’ belonging to the Topic
‘‘Joining’’ at the European Congress and Exhibition on Advanced
Materials and Processes (EUROMAT 2011), held September 12-15,
2011, in Montpellier, France, and has been expanded from the original
presentation.

Ales Kroupa, Institute of Physics of Materials, AS CR, Zizkova 22,
61662 Brno, Czech Republic; Dag Andersson, Swerea IVF, Mölndal,
Sweden; Nick Hoo and Jeremy Pearce, ITRI Ltd., Curo Park, St.
Albans, UK; Andrew Watson, SPEME, University of Leeds, Leeds,
UK; Alan Dinsdale, National Physical Laboratory, Teddington, UK;
and Stuart Mucklejohn, Ceravision Limited, The Mansion, Bletchley
Park MK3 6EB, UK. Contact e-mail: kroupa@ipm.cz.

JMEPEG (2012) 21:629–637 �ASM International
DOI: 10.1007/s11665-012-0125-3 1059-9495/$19.00

Journal of Materials Engineering and Performance Volume 21(5) May 2012—629



2. EU Legislation

As mentioned in a previous part, two EU directives, RoHS
Directive 2002/95/EC (Restriction of Hazardous Substances in
EEE) and the recast version RoHS 2 2011/65/EU that has to be
implemented in national law by January 2, 2013 and WEEE
Directive 2002/96/EC (Waste Electrical & Electronic Equip-
ment) are currently defining the use and availability (RoHS)
and collecting and recycling (WEEE) of lead-containing
solders. There is also another legislation [REACH Regulation
(Registration, Evaluation, Authorisation and Restriction of
Chemicals), EC/1907/2006] which regulates the use and
exploitation of chemicals in industry in general.

2.1 RoHS Directive

The RoHS Directive of 2002 has recently been recast as
Directive 2011/65/EU of the European Parliament and pub-
lished in the Official Journal of the European Union on 01 July
2011. This Directive entered into force on July 22, 2011.
Member states are required to comply with the recast Directive
by January 02, 2013.

The main objective of the RoHS Directive is to contribute to
the protection of human health and the environmentally sound
recovery and disposal of waste EEE. The top priority in the
legislation is given to prevention in waste. Prevention is defined
as measures that reduce the content of harmful substances in
materials and products. Restrictions on the use of certain
substances in materials and products must take into account
technical and economic feasibility, including the impact on
small and medium enterprises (SMEs).

The decision on exemptions and on the duration of possible
exemptions should take into account the availability of
substitutes and the socioeconomic impact of substitution.
Life-cycle thinking on the overall impact of exemptions should
apply, where relevant. Substitution of the hazardous substances

in EEE should also be carried out in such a way as to be
compatible with the health and safety of users of EEE.

Exemptions from the restriction for certain specific materials
or components are limited in their scope and duration. Once it
becomes possible to substitute substances that have been
subject to exemptions, and following a detailed review, a
gradual phase out of the substances in EEE is then usually
implemented.

The restricted substances are referred to in Article 4(1) of
2011/65/EU. Currently, the limits are 0.1% for lead, mercury,
hexavalent chromium, and polybrominated diphenyl ethers
(PBDE). Stricter limits of 0.01% are imposed on Cd and
polybrominated biphenyls (PBB). The limits are defined as the
maximum concentration values in weight percent tolerated in
homogeneous materials. Examples of the exemption are shown
in the Table 1. Out of 34 currently valid exemptions, only those
related to lead-free soldering are shown in the table. The
exemptions 7(a,b) currently govern the use of lead-containing
solders for high-temperature application.

2.2 The REACH Regulation

The aim of the REACH Regulation is to improve the
protection of human health and the environment through the
better and the earlier identification of the intrinsic properties of
chemical substances. At the same time, innovative capability
and competitiveness of the EU chemicals industry should be
enhanced. The basic principle of this directive can be described
as ‘‘No data, no market.’’ No product will be allowed to enter
the market without a clear and detailed description of contained
substances and the registration of the information in a central
database run by the European Chemicals Agency (ECHA) in
Helsinki.

The REACH Directive gives greater responsibility to
industry to manage the risks from chemicals and to provide
safety information on the substances. Manufacturers and
importers are required to gather information on the properties

Table 1 The exemptions in the RoHS Directive 2011/65/EU related to the use of lead in solders

Exemption no. Description of the exemption Other comments

7(a) Lead in high melting temperature type solders
(i.e., lead-based alloys containing 85 wt.% or more lead)

7(b) Lead in solders for servers, storage and storage array systems,
network infrastructure equipment for switching, signalling,
transmission, and network management for telecommunications

14 Lead in solders consisting of more than two elements for the
connection between the pins and the package of
microprocessors with a lead content of more than
80 wt.% and less than 85 wt.%

Expired on January 1, 2011 and after that
date may be used in spare parts for EEE placed
on the market before January 1, 2011

15 Lead in solders to complete a viable electrical connection
between semiconductor die and carrier within integrated
circuit flip chip packages

24 Lead in solders for the soldering to machined through hole
discoidal and planar array ceramic multilayer capacitors

27 Lead alloys as solder for transducers used in high-powered
(designated to operate for several hours at acoustic
power levels of 125 dB SPL and above) loudspeakers

Expired on September 24, 2010

31 Lead in soldering materials in mercury-free flat fluorescent
lamps (which, e.g., are used for liquid crystal displays,
design, or industrial lighting)

33 Lead in solders for the soldering of thin copper wires
of 100 lm diameter and less in power transformers
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of their chemical substances, which will allow their safe
handling and discharging.

2.3 The WEEE Directive

The aims and objectives of the WEEE Directive are closely
related to those of the RoHS Directive. The WEEE Directive
sets out a framework for the collection, recycling, and safe
disposal of EEE thereby limiting the amount of toxic waste that
is put into landfill. Producers of EEE are responsible for
financing the disposal of their products at end-of-life and hence
are legally responsible for compliance with national WEEE
legislation. Most producers meet their obligations by joining a
WEEE producer compliance scheme (currently the unification
of local legislation in progress). A proposed update to the
WEEE directive suggests that higher amounts should be
collected and that collection goals should be related to sales
volumes.

3. State of the Art in the Field of Lead-Free
Soldering

A considerable amount of research has already been
conducted on the formulation of new lead-free soldering
materials, not only in Europe but also in USA and Japan. A
number of promising materials, e.g., SnAgCu- or Sn-Zn-based
alloys reviewed recently by Zhang et al. (Ref 2), have been
developed to replace the (near-)eutectic Sn-Pb solders for
mainstream applications (with the melting temperatures
approximately 220 �C), but there is still no single ‘‘drop-in’’
alternative. Nevertheless, according to the industrial internal
market research, 65% of the global market has now converted
to lead-free soldering.

However, research was seriously lacking until recently into
replacements for high-temperature, high-lead containing alloys,
where the lead levels can be above 85 wt.%, and this is
reflected in the fact that these materials are, at present, exempt
from the valid RoHS legislation. Some of the problems
associated with replacement of these alloys have been dis-
cussed in recent papers by both Japanese and American authors
(Ref 3-6). Lately, a major research programme addressing the
issue of high-temperature lead-free soldering has been initiated
in Japan.

The main applications for high-temperature (TM > 250 �C)
solders within the electronics industry are for the advanced
packaging technologies, e.g., die-attach and Ball Grid Array
(BGA) solder spheres, chip-scale package (CSP), and multi-
chip module (MCM). The die-attach material should withstand
normal working temperatures, thermal loading during soldering
and also be sufficiently thermally conducting to transfer heat
away from the device. High-lead alloys in die-attach applica-
tions are also used in power circuits where very high levels of
conductivity are required. These are normally found in
automotive under bonnet applications owing to the high current
and low voltage produced by car batteries and the high
temperatures occurring within the engine bay.

In the case of MCM technology, the so-called step soldering
approach is employed. This method is used to solder various
levels of the package with different solders of different melting
points. One of the solders currently used in this technology is
the Pb95-Sn5 alloy with a melting temperature between 308

and 312 �C. New lead-free high-temperature solders should
replace the current alloys for a broad range of melting
temperatures, and therefore, a good understanding of the
melting behavior is paramount. The upper limit of the process
temperatures in the MCM technology is around 350 �C, which
is defined by the polymer materials used in the substrate. The
subsequent process temperatures are defined by the melting
point of previously used solders.

A soldered assembly may also be subject to large mechan-
ical or long-term fatigue stresses. Solder interconnects should
also not corrode in the presence of high humidity at elevated
temperatures. They must also be resistant to air pollutants, such
as NO2 and H2S. It is also clear that the reliability of solder
joints is related to the wettability of the substrate by the molten
solder and to the morphological evolution inside interconnects
during fabrication and service. In addition, the ongoing
miniaturization in the electronics industry poses serious ques-
tions concerning reliability, since a clear size effect has been
demonstrated for solder joints; with a decrease in the size of the
solder gap, the joints become considerably more brittle and this
effect is exacerbated with high Sn solders typical in lead-free
applications. Traditional barrier metals used in Si device
manufacture are also proving unsuitable for use in high
technology, unpackaged, miniaturized devices, such as flip
chip technology. In these instances, the use of solders with a
high Sn content in combination with multilayered metalliza-
tions (e.g., Ag, Ti, W, Cu, Ni, V) results in complex interactions
during soldering and operational life, leading to galvanic
corrosion and destruction of the chip-side interconnections,
resulting in a barrier to miniaturization for some devices (Ref
7). In addition, the influence of reaction products at the solder/
substrate interface on the mechanical behavior of the joints
becomes more significant. Last, but not least, the problem of
material cost plays an important role in the selection of the
solder.

The ongoing research in the field of high-temperature lead-
free solders indicates that it is necessary to abandon traditional
Sn-based soldering technology that corresponds closely to that
used with eutectic Pb-Sn solders but for a lower melting range.
Attempts to adjust the melting temperature of Sn-based solders
by the use of appropriate alloying elements have not yet been
successful, as possible additives tend to lower the melting
temperature. Therefore, attention has turned towards different
base elements and at the present time several combinations are
under consideration. Hypo-eutectic Bi-Ag alloys, among the
most promising under investigation, are very good from the
point of view of the liquidus temperature and exhibit mechan-
ical properties close to those of the Pb-based solders, and are
affordable. Other interesting materials are Zn-Al eutectic
systems alloyed with Mg, Ge, Ga, Sn or Bi, Sb-Sn, and Au-
Sn-Sb systems. Some materials are already in use—e.g., Au-
Sn-based solders, but replacements are being sought since these
alloys are quite expensive and therefore these materials are used
only in niche markets, in equipment, where the cost is not one
of the key issues.

Mechanical and other properties of joints involving high-
temperature solders also need to be understood. In fact, little
work has been done for any lead-free solder joints. It is
important to characterize the associated diffusion processes in
ternary and in particular in quaternary alloy solder joints and
their subsequent effect on the long-term mechanical properties
of the joint. The formation and growth of intermetallic phases
during solder joint reflow and service has been addressed
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extensively in the literature, although almost exclusively for the
Cu-Sn-X alloy systems. Studies on the effect of intermetallic
compound growth on the joint strength of the resulting solder
have been focused primarily on lead-free solder alloy systems
for mainstream applications. These studies have demonstrated
that, owing to their brittle nature and lattice mismatch with the
copper substrate, an increased intermetallic thickness weakens
the solder joint, especially when subjected to thermal or
mechanical fatigue. The research work that does exist has often
treated the kinetics of alloy formation, evolution, and corrosion
(Ref 8-13) separately and also independently from their
corresponding effect on the mechanical and thermophysical
properties of the joint (Ref 14-16). Only recently have studies
dealing with properties of potential materials for high-temper-
ature lead-free soldering appeared (Ref 17-21).

As a result of increasing computing power, great attention is
also paid to the theoretical modelling of processes in complex
multi component systems, e.g., the description of their ther-
modynamic and thermophysical properties and responses on
mechanical loading. These methods are currently being applied
to both the model systems, and to real materials and joint/
interfaces, saving the time and cost incurred for complex
experimental studies (Ref 22-25).

4. Search for Solutions

The requirements that are associated with the expected
transfer from lead-containing to lead-free materials for high-
temperature applications have been summarized by Chidamba-
ram et al. (Ref 23) and are shown in Table 2.

As the ideal solution for industry would involve as few
changes as possible, especially from the point of view of the
complexity of materials, changes in technologies, etc., the
search for substitution has been limited by other less explicit
requirements by the manufacturers, than those shown in
Table 2. Therefore, the development of lead-free solutions is
split into two categories—the development of new materials
and the development of new technologies.

New materials should have as few component elements as
possible and not in extremely low amounts (microalloying).
The materials should be as simple as possible (3, max. 4
elements) and there should be reasonable tolerance with respect
to composition.

New technologies should use existing equipment if possible,
and avoid higher complexity of the processes. Otherwise the
new approach will be hindered by increased costs associated
with changing the production lines.

Currently, there is no single drop-in replacement material
suitable for applications and no promising universal candidate.

There exist, however, high cost solder materials for special
niche markets—space industry, power semiconductor devices,
etc. (Ref 26-28). New technologies that go beyond traditional
soldering can be more promising for the future—Transient
Liquid Phase Bonding (TLB), nanotechnologies, adhesives, etc.
(see section 4.2)

Recent achievements in the search for alternatives for lead-
containing solders can be illustrated by the current situation in
new patent applications (Fig. 1, 2).

The results shown in both Fig. 1 and 2 indicate a relatively
low number of patent applications in the years 2005-2009, with
a significant majority of them associated with new technologies
rather than with new materials. Most of the patents were
submitted by Japan-based companies, reflecting the significant
attention and financial support given to this topic by Japanese
manufacturers.

4.1 Possible New Materials for High-Temperature Lead-Free
Soldering

A review of the literature reveals a number of subjects that
are the focus of study, both with respect to new materials and
new technologies. The properties of Zn-based alloys have been
the subject of a number of studies (e.g., Zn-xSn and Zn-Al-Cu)
(Ref 19, 20, 29-32), and much attention has been given to Bi-
based alloys; e.g., Bi-xAg-0.4Ni-0.2Cu-0.1Ge (x = 2, 5, 8, 11,
14) (in wt.%) (Ref 33), Bi-Ag solders doped by Ce (Ref 34),
Bi-5 wt.% Sb-(0.5-5.0) wt.% Cu (Ref 35), and Bi-(0-11) wt%
Ag (Ref 36). The other systems studied are Au-based alloys
(Au-Sn-X, Au-Ge-X). Here, the main problem is the cost of
such materials, but good properties make them suitable for
special applications (e.g., space research) (Ref 25-27, 37-41).

Two reviews of new materials and technologies for lead-free
soldering have been published recently by Suganuma et al. (Ref
42) and Takaku et al. (Ref 28). Suganuma et al. (Ref 42)
suggested several candidates for high-temperature soldering
applications; nevertheless none of them fulfil all requirements.
Three candidate alloys were considered to cover most of the
requirements for high-temperature applications, and again Zn-
Sn-X, Au-Sn-X, and Bi-based alloys were highlighted.

An overview of materials was published by Takaku et al. (Ref
28). Based on their own results and a survey of the literature, they
proposed several candidate alloys covering most of the high-
temperature applications. Their study is an excellent example of
the application ofCalphad-type thermodynamicmodelling for the
development of new materials. This approach exploits the
significant progress achieved in the development of software
packages allowing the modelling of phase diagrams and thermo-
dynamic properties of multicomponent systems (Ref 43-46).

The application of the Calphad method for the development
of new materials has been demonstrated elsewhere (Ref 47-50),

Table 2 The requirements for the substitution materials in high-temperature lead-free soldering (from Chidambaram
et al. (Ref 23))

Manufacturing Reliability and performance

Solidus/liquidus (250-350 �C) Good thermal and electrical conductivity
Wetting (low surface tension, high wetting force, low wetting time) Less variation in co-efficient of thermal expansion
Cost-effective Good shear and tensile strength
Availability and manufacturability Fatigue and creep resistance
Environmental friendly and recyclability Oxidation and corrosion resistance
Miniaturization (low natural radius of curvature, easily electroplatable) IMC formation (wetting reaction and solid state aging)
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and it is itself not the topic of this review. Nevertheless, the
existence of a self-consistent thermodynamic database is crucial
for such an approach and therefore great attention has been paid
recently to the development of thermodynamic databases.
Currently, two databases (SOLDERS, Ref 51 and ADAMIS,
Ref 52) for the modelling of materials suitable for lead-free
soldering are available and their development is still in progress.

Takaku et al. (Ref 28) used the ADAMIS database (Ref 52)
to develop alloy compositions before testing the materials to
verify the assumptions used in their design. The first group of
alloys they proposed is a Bi-based composite solder. Here, they
exploited the existence of a metastable liquid miscibility gap in
Bi-Cu binary system which becomes stable on the addition of

Al. Also Mn is added to the proposed alloy to promote the
precipitation of suitable particles. The resulting structure after
solidification consists of a Bi matrix reinforced by fine Cu-Al-
Mn particles. These particles allow for relaxation of thermal
stresses and inhibition of crack growth in the solder.

The second proposed alloy is a Zn-Al-based solder with the
addition of Cu. This alloy system contains two invariant
reactions (monotectoid at approximately 285 �C and eutectic at
approximately 380 �C) and can withstand the thermal stresses
and temperature hysteresis between �40 and 250 �C, necessary
for the packaging of power semiconductor devices.

Following a survey of the literature, the authors also
mentioned Zn-Sn alloys as possible lead-free solderingmaterials.

Fig. 1 The distribution of patent applications submitted in the years 2005-2009 by material or technology

Fig. 2 The distribution of patent applications submitted in the years 2005-2009 by country of origin
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These alloys have quite a wide solid/liquid region (solidus
temperature at 199 �C, liquidus temperature at approximately
360 �C) and it is therefore important to avoid liquid formation
at reflow temperatures at around 250 �C during the soldering
process. Also, there is a danger of oxidation on the surface from
ambient gas.

Another example of the application of Calphad-type
theoretical modelling for the development of new materials
was described by Ref 25, 37-41, where phase diagram
modelling was used for the development of candidate alloys
using the SOLDERS database (Ref 51). Two main candidate
systems were considered in these studies. The first is a ternary
system Au-Sn-X (X = Ag, Cu), where compositions close to
the binary eutectic Au-Sn composition (Ref 40, 41) were
exploited. Thermodynamic calculations were used to predict
the alloying conditions necessary to suppress the precipitation
of the brittle Au5Sn phase while simultaneously not signifi-
cantly increasing the melting temperature. Thermodynamic
calculations were also used for the design of the low Au, Sn-
rich solder composition Sn-28Au-8Ag (at.%). The same
approach was used for the study of the second candidate
system, Au-Ge-X (X = In, Sb, Sn). Some examples of
predicted compositions are shown in Table 3 (Ref 23).

The Au-Ge-X system was also studied intensively by Wang
et al. and Leinenbach et al. (Ref 25, 37-39). They brought
theoretical calculations to practical application, as the Au-Ge
alloys developed on a theoretical basis were used for the Heated
conversion surface assemblies for the ESA/JAXA Mission
BepiColombo to Mercury (Launch 2014) (Ref 26, 27).

4.2 New Technologies for High-Temperature Soldering
(Joining)

As the search for material substitution proved to be difficult
and no easy solution is available, the development of new
technologies is also underway and many new approaches are
being investigated.

Suganuma et al. (Ref 42) discussed not only possible new
and prospective materials in his article but also described
several new approaches based on different technologies
offering excellent stability and maintaining interconnection
stability after reflow treatment. The conductive adhesive
technologies, technologies based on nanoparticles with or
without Ag particles (Ref 53-56), and epoxy adhesives filled
with metallic solders (Ref 57) were indicated as the most
promising. Despite their generally good properties, there are
still problems to be solved, e.g., Suganuma et al. (Ref 57)
studied the degradation mechanism of the interface between Ag
epoxy conductive adhesives (CAs) and Sn plating under humid

conditions. Two different types of oxide phases, SnO and SnO2,
were found to be formed at the interface and are the root cause
of the interfacial degradation.

Other promising technologies included solutions based on
Ag foils or sintering (Ref 58, 59). For example, Ag foil was
chosen to bond silicon (Si) chips and copper (Cu) substrates by
Dupont et al. (Ref 58). Prior to bonding, the Si chips were
coated with thin Cr and Au layers. The Si chip, Ag foil, and Cu
substrate were bonded together in one step at 250 �C under a
reduced pressure of approximately 7 Pa (50 mtorr), Au/Ag and
Ag/Cu bonds forming at the interfaces by short-range interdif-
fusion. The resulting joints exhibit nearly perfect quality. No
voids are observed at the Si/Ag and Ag/Cu bonding interfaces.

Ceramic packaging was described by Liu et al. (Ref 60).
High frequency localized induction heating technology was
applied to packaging a ceramic crust. It took only about 5 s to
complete the packaging process. The temperatures on the cover
edges near the solder-loop and at the bottom of the ceramic
package were about 320 and 100 �C, respectively. Results
showed that owing to the solder reflow, a hermetic seal of the
ceramic package was accomplished.

High-temperature lead-free solder joints can be also
prepared by means of the high-energy droplet deposition
technique. The theoretical background of this method, together
with some application examples was described by Conway
et al. (Ref 61).

Another promising approach is joining by means of
intermetallics. These technologies included evaporating films
on the interface (Ref 62, 63) or TLB technology (Ref 64, 65).
The former approach consists of replacing a lead-based solder
with an intermetallic compound (IMC) to join a Si chip with
evaporated Ag, Cu, and Sn films onto a Ag-plated Cu substrate
at 250 �C for 10 s. As a result, the evaporated films were
completely transformed into intermetallic compounds (Ag3Sn,
or Cu6Sn5, (Ag, Cu)3Sn, and Cu3Sn layers depending on the
complexity of films) which were formed under heat treatment at
300 �C for 30 s. The IMC joint showed sufficient strength at
270 �C.

The second approach is based on creating interlayers
between joined interfaces, which are designed to form a thin
or partial layer of a transient liquid phase, creating bonds
through a brazing-like process, in which the liquid phase
disappears isothermally. In contrast to conventional brazing, the
liquid is substituted by an intermetallic phase with a higher
melting point (Fig. 3). Various alloys can be used in this
technology; any system, where the liquid phase disappears by
means of diffusion or other processes is suitable for this
approach. The Sn and Ag layers were used in Ref 64, 65
creating the layer Cu6Sn5 IMC, where Ag layer can prevent the

Table 3 The solidus and liquidus temperatures and the extent of mushy zone calculated using the Calphad approach
(Ref 23)

Alloy no. Alloy compositions (at.%) Solidus, T (�C) Liquidus, T (�C) Temperature difference, T (�C)

1. Sn-25Au-20Sb 273 290 17
2. Sn-29Au-8Cu 305 322 17
3. Au-18Ge-10In 338.7 340 1.3
4. Au-16Sb-22In 285.7 288 2.3
5. Au-30Sn-24In 280.5 290 9.5
6. Au-31Sn-1Cu 278 292 14
7. Au-26Ge-2Bi 332 352 20
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creation of voids caused by the Kirkendall effect. Kodentsov
(Ref 65) also showed results of using the Bi layers on Ni
substrate to create the NiBi3 bonding layer. Currently, longer
annealing times are still needed for the creation of the IMC
layer, which hinder the practical application.

Other technologies, which obviate the need for any specific
materials to be used for joining, are also under development.
For example, direct Cu bonding (Ref 66) is based on electroless
copper deposition producing all-copper chip-to-substrate con-
nections. The PCB process (Ref 67) is another alternative
method for electronic assembly that completely bypasses the
traditional high-temperature soldering process. The new pro-
cess reverses the traditional approach to electronic assembly by
placing components first and then making the electrical
interconnections using traditional printed circuit board (PCB)
manufacturing processes.

5. Conclusion

The search for a replacement for lead-containing solders for
high temperatures has proved to be difficult. Current research
focuses both on the development of new technologies suitable
for the many different applications of the high-temperature
soldering industry and the extensive search for new materials.
No universal lead-free high-temperature solder material is or
will be available in the near future and therefore attention has
been directed to the selection of different alloys, technologies
and processes which can be used in specialized fields in the
electronic industry.
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