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ABSTRACT 

Improved electrical and thermal properties of solder alloys 
are achieved by the use of micro - additives in solder alloys 
to engineer the electrical and thermal properties of the solder 
alloys and the properties of the reaction layers between the 
solder and the metal surfaces . The electrical and thermal 
conductivity of alloys and that of the reaction layers between 
the solder and the - metal surfaces can be controlled over a 
wide range of temperatures . The solder alloys produce stable 
microstructures wherein such stable microstructures of these 
alloys do not exhibit significant changes when exposed to 
changes in temperature , compared to traditional interconnect 
materials . 
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ADVANCED SOLDER ALLOYS FOR 
ELECTRONIC INTERCONNECTS 

FIELD OF THE INVENTION 
[ 0001 ] The invention generally relates to a method for 
improving the electrical and thermal properties of solder 
alloys used for LED / Power Semiconductors die attach and 
component attach . 

BACKGROUND OF THE INVENTION 
[ 0002 ] There are a wide variety of known soldering tech 
niques in the electronics industry . Wave soldering is a widely 
used method of mass soldering electronic assemblies . It may 
be used , for example , for through - hole circuit boards , where 
the board is passed over a wave of molten solder , which laps 
against the bottom of the board to wet the metal surfaces to 
be joined . 
[ 0003 ] Another soldering technique involves printing of 
the solder paste on the soldering pads on the printed circuit 
boards followed by placement and sending the whole assem 
bly through a reflow oven . During the reflow process , the 
solder melts and wets the soldering surfaces on the boards as 
well as the components . 
[ 0004 ] Another soldering process involves immersing 
printed wiring boards into molten solder in order to coat the 
copper terminations with a solderable and protective layer . 
This solder application process is known as hot - air leveling 
and the subsequent soldering process is known as solder on 
pad . 
[ 0005 ] Ball grid array joints or chip scale packages are 
typically assembled with spheres of solder between two 
substrates . Arrays of these joints are used to mount chips on 
circuit boards . 
[ 0006 ] There are a number of requirements for a solder 
alloy to be suitable for use in wave soldering , SMT ( surface 
mount technology ) , die attach and ball grid arrays . Most 
importantly , the alloy must exhibit good wetting character 
istics in relation to a variety of substrate materials such as 
copper , nickel , nickel phosphorus ( “ electroless nickel " ) , 
silver and copper - OSP ( organic solderability preservative ) . 
[ 0007 ] Solder alloys tend to dissolve the substrate and 
form an intermetallic compound at the interface with the 
substrate . For example , tin in the solder alloy may react with 
the substrate at the interface to form an intermetallic com 
pound ( IMC ) layer . If the substrate is copper , then a layer of 
Cu6Sn5 may be formed . Such a layer typically has a 
thickness anywhere from a fraction of a micron to a few 
microns . At the interface between this layer and the copper 
substrate an IMC of Cu3Sn may be present . The interface 
intermetallic layers will tend to grow during aging , particu 
larly at higher temperatures . The thicker intermetallic layers , 
together with any voids that may have developed , may 
further contribute to premature fracture of a stressed joint . 
[ 0008 ] Other important factors are : ( i ) the presence of 
intermetallics in the alloy itself , which results in improved 
mechanical properties ; ( ii ) oxidation resistance , which is 
important in solder spheres , preforms , and powder etc . , 
where deterioration during storage or during repeated 
reflows may cause the soldering performance to become less 
than ideal ; ( iii ) drossing rate ; and ( iv ) alloy stability . These 
latter considerations are important for applications where the 
alloy is held in a tank or bath for long periods of time or 

where the formed solder joints are subjected to high oper 
ating temperatures for long periods of time . 
10009 ) For environmental and health reasons , there is an 
increasing demand for lead - free and antimony - free replace 
ments for lead - and antimony - containing conventional 
alloys . Many conventional solder alloys are based around 
the tin - copper eutectic composition , Sn - 0 . 7 wt . % Cu . For 
example , the tin - silver - copper system has been embraced by 
the electronics industry as a lead - free alternative for solder 
ing materials . One particular alloy , the eutectic alloy SnAg3 . 
OCu0 . 5 , exhibits a superior fatigue life compared to a 
Sn - Pb solder material , while maintaining a relatively low 
melting point of about 217 to 219° C . 
[ 0010 ] In some fields , such as automotive , high power 
electronics and energy , including LED lighting , for example , 
it is desirable for solder alloys to operate at high tempera 
tures , for example 150° C . or higher . The SnAg3 . 0Cu0 . 5 
alloy does not perform well at such temperatures . 
10011 ] Solders used in die attach and other electrical 
interconnects perform multiple functions such as providing 
mechanical strength to join the parts together , providing a 
path for electrical current , or providing a thermal interface 
as a route for heat generated in the device to dissipate to a 
heat sink . Physical properties of the solder material such as 
thermal conductivity , electrical conductivity , tensile 
strength , shear strength , creep , and its capacity to form a 
good interface with devices and circuit boards are important 
factors in determining its overall performance in the real life 
application . These properties also need to be stable over time 
under typical operating conditions . 
0012 ) Electronic devices , especially high power devices 
such as LED and high power amplifiers and switches etc . , 
generate a lot of heat which need to be dissipated . During 
operation of such devices , the thermal and electrical inter 
face material sees high temperatures for long periods of 
time . During high temperature operation , the interconnect 
material also faces high mechanical stress due to coefficient 
of thermal expansion ( CTE ) miss - match between the device , 
substrate and interconnect materials . Therefore , for long life 
of the device under operation , the interconnect materials as 
well as the interfaces should have stable mechanical , thermal 
and electrical properties under these conditions . 
[ 0013 ] Thermal energy in metals and alloys is primarily 
transported by electrons . In general , metals and alloys show 
a decrease in thermal conductivity with increasing tempera 
ture . This is usually the result of a combination of several 
factors such as electron - electron scattering , electron - atom 
scattering , and electron scattering from the grain boundaries 
within the alloys and at the interfaces . Changes in conduc 
tivity are not desirable . The electrical resistivity of metals 
and alloys can also change with an increase in temperature . 
Resistivity changes in the solder alloys are also undesirable . 
[ 00141 . The present invention seeks to remedy at least 
some of the problems associated with the prior art and 
provide a commercially acceptable alternative solution to 
existing solder alloys . 

SUMMARY OF THE INVENTION 
[ 0015 ] . In accordance with one or more aspects of the 
present disclosure , a combination of micro additives is used 
to tailor solder microstructure thereby impacting properties 
of solder alloys . 
0016 ] It is an object of the current invention to provide a 
solder alloy with improved electrical properties . 
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[ 0067 ] 0 to 1 wt . % of aluminum 
[ 0068 ] O to 1 wt . % of phosphorus 
[ 0069 ] 0 to 1 wt . % of gold 
10070j 0 to 1 wt . % of gallium 
[ 0071 ] 0 to 1 wt . % of tellurium 
10072 ] 0 to 1 wt . % of selenium 
10073 ] 0 to 1 wt . % of calcium 
[ 00741 0 to 1 wt . % of vanadium 
100751 0 to 1 wt . % of molybdenum 
100761 Oto 1 wt . % of platinum 
[ 0077 ] 0 to 1 wt . % of magnesium 
[ 0078 ] 0 to 1 wt . % of rare earths 

[ 0079 ] ( f ) the balance tin , together with any unavoid 
able impurities 

10080 ] In yet another preferred embodiment , the present 
invention relates to a method of soldering , the method 
comprising the steps of : 

[ 0081 ] a ) applying a solder alloy to a substrate , wherein 
the solder is a lead free or lead free , antimony free 
solder alloy ; 

[ 0082 ] wherein the solder can be applied by wave 
soldering , Surface Mount Technology ( SMT ) solder 
ing , die attach soldering , thermal interface soldering , 
hand soldering , laser and RF induction soldering , 
rework soldering , lamination , and combinations 
thereof . 

[ 0017 ] It is an object of the current invention to provide a 
solder alloy with improved thermal properties . 
[ 0018 ] It is an object of the current invention to provide a 
solder alloy with improved fatigue life . 
[ 0019 ] It is another object of the current invention to 
provide low contact resistance in an LED die attach layer . 
[ 0020 ] It is another object of the current invention to 
provide little to no change in contact resistance of a die 
attach layer during operation and aging . 
[ 0021 ] It is an object of the current invention to allow for 
higher efficiency of an LED or any other high - power elec 
tronic device at high power operation . 
[ 0022 ] To that end , in one embodiment , the present inven 
tion generally relates to a lead - free , antimony - free solder 
alloy comprising : 

[ 0023 ] ( a ) 10 wt . % or less of silver 
10024 ] ( b ) 10 wt . % or less of bismuth 
[ 0025 ] ( c ) 3 wt . % or less of copper 
10026 ] ( d ) at least one of the following elements 

[ 0027 ] up to 1 wt . % of nickel 
[ 0028 ] up to 1 wt . % of titanium 
[ 0029 ] up to 1 wt . % of cobalt 
[ 0030 ] up to 3 . 5 wt . % of indium 
( 0031 ) up to 1 wt . % of zinc 
[ 0032 ] up to 1 wt . % of cerium 

[ 0033 ] ( e ) optionally one or more of the following 
elements 
[ 0034 ] 0 to 1 wt . % of manganese 
10035 ] 0 to 1 wt . % of chromium 
[ 0036 ] 0 to 1 wt . % of germanium 
10037 ] 0 to 1 wt . % of iron 
[ 0038 ] 0 to 1 wt . % of aluminum 
[ 0039 ] 0 to 1 wt . % of phosphorus 
[ 0040 ] 0 to 1 wt . % of gold 
10041 ] 0 to 1 wt . % of gallium 
100421 0 to 1 wt . % of tellurium 
10043 ] 0 to 1 wt . % of selenium 
100441 0 to 1 wt . % of calcium 
0045 ] 0 to 1 wt . % of vanadium 

[ 0046 ] 0 to 1 wt . % of molybdenum 
100471 0 to 1 wt . % of platinum 
[ 0048 ] 0 to 1 wt . % of magnesium 
[ 0049 ] 0 to 1 wt . % of rare earths 

[ 0050 ] ( f ) the balance tin , together with any unavoid 
able impurities . 

10051 ] In another preferred embodiment , the present 
invention relates to a soldered joint comprising a lead - free , 
antimony - free solder alloy comprising : 

[ 0052 ] ( a ) 10 wt . % or less of silver 
[ 0053 ] ( b ) 10 wt . % or less of bismuth 
[ 0054 ] ( c ) 3 wt . % or less of copper 
[ 0055 ] ( d ) at least one of the following elements 

[ 0056 ] up to 1 wt . % of nickel 
10057 ] up to 1 wt . % of titanium 
[ 0058 ] up to 1 wt . % of cobalt 
[ 0059 ] up to 3 . 5 wt . % of indium 
[ 0060 ] up to 1 wt . % of zinc 
[ 0061 ] up to 1 wt . % of cerium 

[ 0062 ] ( e ) optionally one or more of the following 
elements 
[ 0063 ] 0 to 1 wt . % of manganese 
100641 0 to 1 wt . % of chromium 
100651 0 to 1 wt . % of germanium 
100661 0 to 1 wt . % of iron 

BRIEF DESCRIPTION OF THE DRAWINGS 
10083 ] FIG . 1 shows the effect of high temperature storage 
on the intermetallic thickness . 
[ 0084 ] FIG . 2 shows evolution of thermal conductivity 
and intermetallic during high temperature storage . 
0085 FIG . 3 shows evolution of electrical resistivity and 
intermetallic during high temperature storage . 
( 0086 ] FIG . 4 shows temperature dependence of thermal 
conductivity of a common Pb - free solder alloy SAC305 and 
two new solder alloys . 
10087 ) FIG . 5 shows temperature dependence of the bulk 
electrical resistance of a common Pb - free solder alloy 
SAC305 and a new solder alloy A . 
[ 0088 FIG . 6 shows luminous flux of LEDs assembled 
with SAC305 , Alloy A and Alloy B as a function of the 
driving electrical power . This is initial performance of as 
soldered LEDs before any aging or temperature cycling . 
[ 00891 . FIG . 7 shows luminous flux of LEDs assembled 
with SAC305 , Alloy A and Alloy B as a function of the 
driving electrical power . The performance of the LEDs is 
shown after 1500 temperature cycles . 
10090 ) FIG . 8 shows luminous efficacy of three sets of 
LEDs after 1500 temperature cycles at various drive cur 
rents . 
[ 0091 ] FIG . 9 shows luminous flux of LEDs at 0 . 2 A drive 
current as a function of temperature cycling . LEDs were 
assembled with SAC305 , Alloy A and Alloy B . 
10092 ) FIG . 10 shows normalized luminous flux of LEDs 
at 0 . 2 A drive current as a function of temperature cycling . 
The LEDs were assembled with SAC305 , Alloy A and Alloy 
B . 
[ 0093 ] . FIG . 11 shows changes in efficacy of three sets of 
LEDs assembled with SAC305 , Alloy A and Alloy B under 
temperature cycling . 
100941 . FIG . 12 shows Color Correlated Temperature 
( CCT ) over 1500 cycles of LEDs assembled with SAC305 , 
Alloy A and Alloy B . CCT was recorded at 0 . 2 A drive 
current . 
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DETAILED DESCRIPTION OF THE PREFERED 
EMBODIMENTS 

[ 0095 ] The invention relates to micro level additions to 
solder alloys to engineer the electrical and thermal proper 
ties for use in the manufacture of electronic components and 
devices , as well as in electronic assembly and packaging . 
[ 0096 ] The novel solder alloys allow for improved elec 
trical properties in addition to improved thermal fatigue life 
of the die attach layer . The invention results in lower contact 
resistance in a die attach layer , lower change in contact 
resistance during operation and aging of the die attach layer , 
and higher efficiency of LEDs , especially during high power 
operation . 
[ 0097 ] The engineered microstructure of finer IMC par 
ticles in the solder alloy allows for more uniform distribu 
tion of the particles compared to SAC alloys . The smaller 
size of bulk IMCs and their uniform distribution lowers the 
electronic scattering at interface between IMCs and the 
adjoining layers . 
10098 ] The engineered microstructure allows for slower 
growth of bulk IMCs , controlled interfacial IMC and slower 
change in microstructure during high temperature operation 
and temperature cycling . This leads to very little change or 
degradation in LED performance over its lifetime when the 
disclosed solder alloys are used to die attach LEDs . 
[ 0099 ] The novel solder alloys result in a lower coefficient 
of temperature dependence for electrical resistance . The 
alloys additionally result in a lower coefficient of tempera 
ture dependence for effective thermal resistance and effec 
tive thermal conductivity . The lower coefficient of tempera 
ture dependence for both electrical resistance and effective 
thermal resistance / conductivity results in lower drift in 
optical power , wavelength and efficiency of an LED . 
[ 0100 ] The preparation of the solder alloys includes solid 
solution strengthening whereby the crystalline lattice is 
distorted by addition of elements within the solubility limit . 
Aspects of the invention may further comprise methods such 
as grain refinement , precipitation strengthening and addition 
of diffusion modifiers . The solder alloy composition can be 
engineered such that the interfacial intermetallic results in 
overall improvement in thermal and electrical conductivity 
performance . 
10101 ] The invention includes a family of interconnect 
materials compositions including solder alloy compositions 
that produce stable microstructures . These stable micro 
structure compositions do not exhibit significant changes 
when used ( over time , operating temperature range , thermal 
cycling regime , and power loads etc . ) . Key metrics for 
evaluating microstructure properties , such as grain size , 
IMC thickness , creep properties ( stress - strain hysteresis 
characteristics , etc . ) , and solder alloys , remain fairly con 
stant when compared to traditional interconnect materials 
such as SAC 305 . 
[ 0102 ] The stable microstructures exhibit stable thermal 
and electrical properties such as stable electrical resistance 
values . Stable electrical resistance values minimize variation 
in the output variable and yield stable outputs such as 
sustained electrical efficiency over time . This is important 
for use in power conversion devices . An example of such 
electrical efficiency is sustained lumen output ( in case of 
LED and laser diodes ) with minimal lumen depreciation 
over time . 
[ 0103 ] The invention uses a combination of micro level 
additions to the solder alloys to engineer the bulk solder 
microstructure . These additions are so small that that they do 
not have significant impact on the solder melting behavior 
but can have significant impact on other properties . New 

alloys are designed using a combination of solid solution 
strengthening , grain refinement , precipitate strengthening 
and diffusion modifiers . 
[ 0104 ] In solid solution strengthening , the crystalline lat 
tice is distorted due to alloying elements addition within the 
solubility limit . Such lattice distortion generates stress fields 
that interact with dislocations present in the material . 
Strengthening arises from impeding dislocation motion , 
which prevents plastic deformation . Thus elements such as 
Bi and Sb are added to a Sn based matrix , up to the limit in 
which a new phase would form , strengthening the alloy 
microstructure . Since dislocation movement is interrupted 
by grain boundaries , reducing grain size limits the disloca 
tion movement , which results in higher mechanical strength 
of the alloy . For example , Ge and rare earths are used for 
grain refinement of alloys . Similarly , in precipitation 
strengthening , alloying elements with lower solubility in the 
matrix form precipitated intermetallics . Such intermetallics 
desirably are uniformly distributed within the grains in the 
Sn matrix , pinning the dislocations and , consequently , 
improving the mechanical strength of the alloy . Examples of 
such additions are Ag , Cu , Ti , Co , Ni , Ce and Mn . 
[ 0105 ] The growth of interfacial IMC and interfacial voids 
can be controlled through addition of diffusion modifiers to 
the solder during the alloy development . Similarly , the 
mechanical properties of the bulk solder alloy can be con 
trolled through the formation of intermetallics and micro 
structure refinement . The choice of which alloying element 
( s ) to add depends on its relation with the alloy system and 
the resulting thermodynamics and kinetics properties . The 
invention shows that interfacial intermetallics are not only 
responsible for the actual bond between the solder and the 
substrate , but also can be designed to improve thermal and 
electrical conductivity . 
[ 0106 ] Although brittle in nature , intermetallics have a 
quite unique behavior when subjected to extended periods 
under high temperature condition . It is shown here that 
thermal and electrical conductivity can be improved under 
high temperature operation depending on the alloy that is 
used . It is also shown that a solder alloy composition can be 
engineered such that its interfacial intermetallics result in 
improved thermal and electrical conductivity . Cu6Sn5 and 
Cu3Sn intermetallics form at the interface between bulk 
solder alloy and copper substrate . The individual values of 
thermal conductivity and electrical resistivity values of alloy 
A , alloy B , SAC305 , CubSn5 and Cu3Sn are shown in Table 
1 . Cu3Sn has higher thermal conductivity and lower elec 
trical resistivity than SAC305 bulk alloy . Thus , in the case 
of a solder joint , the interfacial intermetallics play an impor 
tant role in achieving high thermal and electrical conduc 
tivity . 

TABLE 1 
Thermal conductivity and electrical resistivity 

of alloys and intermetallics 

Thermal Conductivity 
( W / mK ) 

Electrical Resistivity 
( u22 · cm ) 

Alloy A 
Alloy B 
SAC305 
Cu3Sn ( Ref . 1 ) 
CubSn5 ( Ref . 1 ) 

55 . 2 
59 . 2 
64 
70 . 4 
34 . 1 

16 . 4 
14 . 2 
11 . 8 
8 . 8 

17 . 5 

Reference 1 : H . P . FL Frederikse , R . J . Fields , and A . Feldman , “ Thermal and electrical 
properties of copper - tin and nickel - tin intermetallics ” . J . Appl . Phys . 72 ( 7 ) , 1 Oct . 1992 . 
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[ 0107 ] The effect of high temperature storage at 175° C . 
on intermetallics thickness was investigated by evaluating 
solder joints on copper metallized dies , as shown in FIG . 1 . 
Initially only CubSn5 is observed , but upon time a second 
intermetallic Cu3Sn is also observed . As shown in Table 1 , 
these intermetallics possess different thermal and electrical 
conductivities . Thus , the contribution of each intermetallic is 
calculated ( FIG . 1 ) in the total intermetallic thickness and 
correlated with the thermal conductivity and electrical resis 
tivity values shown in Table 1 . 
[ 0108 ] Both FIGS . 2 and 3 show the estimated values of 
thermal conductivity and electrical resistivity of SAC305 
and alloy B during high temperature storage . Similar behav 
ior was also observed for samples that were subjected to 
thermal cycling , i . e . , alternated exposure to cold and hot 
cycles during a period of time . Unlike SAC305 , Alloy B 
possesses the unique characteristic of increased thermal 
conductivity and decreased electrical conductivity with the 
increase of time under high temperature storage . Also to 
note , is that SAC305 was used as the benchmark because it 
has similar silver content than alloy B . Thus , the interme 
tallic characteristics of alloy B are not related to the alloy 
composition of an ordinary Sn - Ag - Cu alloy , but to its 
unique alloying additions . 
Change in Thermal Conductivity with Temperature : 
[ 0109 ] As shown in FIG . 4 , thermal conductivity of 
SAC305 drops by about 13 % when temperature increases 
from 25 C to 150 C . Under the same conditions , thermal 
conductivity of new Alloy A drops by about 9 % and Alloy 
B ' s thermal conductivity drops by only 4 % . 
[ 0110 ] Therefore if alloy B is used for die attach , or 
component attach in a high power LED assembly , parts 
assembled with alloy B will show much less variation in 
LED performance at high current operation . In other words , 
there will be a smaller drift in LE wavelength , maintained 
efficiency and the LEDs can be operated at higher power 
density . Similarly , if this alloy is used for die attach and 
other parts assembly of the any other high power electronics 
components , similar performance advantages will be 
observed . 
Change in Electrical Conductivity with Temperature : 
[ 0111 ] As shown in FIG . 5 , the electrical resistivity of the 
SAC305 solder alloy increases by about 27 % when tem 
perature increases from 25 C to 85 C while under the same 
conditions , increase in electrical resistivity of the new Alloy 
A is less than 20 % . If alloy A is used in die attach and for 
making electrical interconnects in a high - power LED assem 
bly , it will show a much less variation in the LED perfor 
mance under high current density operation and will operate 
at a higher efficacy / efficiency . 
High - power LED performance : 
[ 0112 ] Forty - eight mid - power LEDs were assembled on 
flexible PET substrates using SAC305 , Alloy A , and Alloy 

B as the package attach material ( approximately 16 each ) . 
These LEDs were evaluated in an integrating sphere to 
measure their optical , electrical , and thermal performance . 
After initial analysis , the LEDs were placed in an air - to - air 
thermocycling chamber cycling from - 40 to 125 C with a 
dwell time of 30 minutes . Every 250 thermocycles , up to 
1500 , these LEDs were removed and re - evaluated in the 
integrating sphere . Data reported here is absolute measured 
values and values normalized to each LED ' s pre - tempera 
ture cycling performance . 
[ 0113 ] FIG . 6 shows luminous flux of LEDs assembled 
with SAC305 , Alloy A and Alloy B as a function of the 
driving electrical power . This is initial performance of as 
soldered LEDs before any aging or temperature cycling 
shows the LEDs with Alloy A and Alloy B show about 10 % 
higher luminous flux than LEDs with SAC305 . After 1500 
temperature cycles alloys A and B exhibit approximately 
19 % higher luminous flux at high power than SAC305 as 
shown in FIG . 7 . As shown in FIG . 8 , a similar difference in 
performance is observed in luminous efficacy as well . After 
1500 temperature cycles , alloys A and B exhibit approxi 
mately 12 - 18 % higher luminous efficacy than SAC305 . 
[ 0114 ] As shown in FIG . 9 , LEDs assembled with Alloys 
A and B show higher luminous flux output in the beginning 
( 0 cycles ) than those assembled with SAC305 . In addition , 
these LEDs also show smaller drop in luminous flux during 
temperature cycling than LEDs assembled with SAC305 . 
[ 0115 ] The change in flux output becomes even clearer 
when the normalized flux is compared for each set of LEDs 
as plotted in FIG . 10 . SAC305 LED show about 17 % drop 
while in luminous flux over 1500 cycles while the drop for 
Alloy A and Alloy B LEDs is about 8 - 9 % over the same 
number of cycles . 
[ 0116 ] Similarly , luminous efficacy of these LEDs also 
shows higher value for LEDs assembled with Alloys A and 
B as compared SAC305 . In addition , as shown in FIG . 11 , 
the drop in efficacy after temperature cycling is also reduced . 
[ 0117 ] Another measure of LED performance is its Color 
Correlated Temperature ( CCT ) and its stability over the life 
of the LED . FIG . 12 shows CCT of three sets of LEDs 
assembled with SAC305 , Alloy A and Alloy B solders over 
1500 temperature cycles . LEDs assembled with SAC305 
show more than 15 % change in CCT while those assembled 
with Alloy A and alloy B show a less than 5 % change in CCT 
over 1500 temperature cycles . These results also point to 
stability of the mechanical , thermal and electrical properties 
of these alloys under high stress operating conditions . 

Alloy Examples : 
0118 ] Examples of the inventive alloys are shown in 
Table 1 with the balance of each alloy being tin . 

Elements wt % 

Alloys Ag Bi Cu Nico Ge Mn Ti Ce In La Nd Sb Sn 
- 
– 0 . 04 — 

3 . 63 
3 . 81 
3 . 8 
3 . 85 
3 . 86 
3 . 82 
3 . 9 

3 . 92 
3 . 94 
2 . 98 
3 . 93 
3 . 99 
3 . 96 

QI I WOW 

0 . 76 
0 . 8 
0 . 7 
0 . 68 
0 . 63 
0 . 6 
0 . 6 

0 . 18 
0 . 25 
0 . 1 
0 . 22 
0 . 16 
0 . 16 
0 . 12 

| | | | | ! ! ! ! ! ligijn 0 . 078 | | | | | | | — | | | | | | | 

balance 
balance 
balance 
balance 
balance 
balance 
balance 

— 
0 . 042 

0 . 006 
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- continued 
Elements wt % 

Alloys Ag Bi Cu Ni Co Ge Mn Ti Ce In La Nd Sb Sn 
- 0 . 006 — 

3 . 22 
— - 

3 . 83 
4 . 2 
3 . 91 
3 . 87 
3 . 86 
3 . 94 
3 . 72 
3 . 8 

3 . 93 
3 . 99 
2 . 9 
3 . 02 
3 . 99 
3 . 92 
5 . 1 
3 AGHEZAL 

0 . 63 
0 . 63 
0 . 72 
0 . 61 
0 . 64 
0 . 7 
0 . 52 
0 . 7 

0 . 15 
0 . 18 
0 . 2 
0 . 14 
0 . 14 
0 . 12 
0 . 1 
0 . 15 

| | | | | | | | Il III | | | | | IIIIII 0 . 044 

balance 
balance 
balance 
balance 

— balance 
balance 

- balance 
1 . 4 balance 

0 . 023 
| | | 

- 

101191 . The invention is generally disclosed herein using 
affirmative language to describe the numerous embodi 
ments . The invention also specifically includes embodi 
ments in which particular subject matter is excluded , in full 
or in part , such as substances or materials , method steps and 
conditions , protocols , procedures , assays or analysis . Thus , 
even though the invention is generally not expressed herein 
in terms of what the invention does not include aspects that 
are not expressly included in the invention are nevertheless 
disclosed herein . 
10120 ] A number of embodiments of the invention have 
been described . Nevertheless , it will be understood that 
various modifications may be made without departing from 
the spirit and scope of the invention . 

1 . A lead - free , antimony - free solder alloy comprising : 
( a ) 10 wt . % or less of silver 
( b ) 10 wt . % or less of bismuth 
( c ) 3 wt . % or less of copper 
( d ) at least one of the following elements 
up to 1 wt . % of nickel 
up to 1 wt . % of titanium 
up to 1 wt . % of cobalt 
up to 3 . 5 wt . % of indium 
up to 1 wt . % of zinc 
up to 1 wt . % of cerium 

( e ) optionally one or more of the following elements 
0 to 1 wt . % of manganese 
0 to 1 wt . % of chromium 
0 to 1 wt . % of germanium 
0 to 1 wt . % of iron 
0 to 1 wt . % of aluminum 
0 to 1 wt . % of phosphorus 
0 to 1 wt . % of gold 
0 to 1 wt . % of gallium 
0 to 1 wt . % of tellurium 
0 to 1 wt . % of selenium 
0 to 1 wt . % of calcium 
0 to 1 wt . % of vanadium 
O to 1 wt . % of molybdenum 
0 to 1 wt . % of platinum 
0 to 1 wt . % of magnesium 
O to 1 wt . % of rare earths 

( f ) the balance tin , together with any unavoidable impu 
rities . 

2 . A lead - free , solder alloy comprising : 
( a ) 10 wt . % or less of silver 
( b ) 10 wt . % or less of bismuth 
( c ) 3 wt . % or less of copper 
( d ) 4 wt % or less of antimony 
( e ) at least one of the following elements 

up to 1 wt % of Ni 
up to 1 wt . % of titanium 
up to 1 wt . % of cobalt 
up to 3 . 5 wt . % of indium 
up to 1 wt . % of zinc 
up to 1 wt . % of cerium 

( f ) optionally one or more of the following elements 
O to 1 wt . % of manganese 
0 to 1 wt . % of chromium 
0 to 1 wt . % of germanium 
O to 1 wt . % of iron 
0 to 1 wt . % of aluminum 
O to 1 wt . % of phosphorus 
0 to 1 wt . % of gold 
0 to 1 wt . % of gallium 
0 to 1 wt . % of tellurium 
0 to 1 wt . % of selenium 
0 to 1 wt . % of calcium 
0 to 1 wt . % of vanadium 
0 to 1 wt . % of molybdenum 
0 to 1 wt . % of platinum 
0 to 1 wt . % of magnesium 
0 to 1 wt . % of rare earths 

( g ) the balance tin , together with any unavoidable impu 
rities . 

3 . The lead - free , antimony - free solder alloy of claim 1 , 
wherein the alloy has melting point of from 200 to 222° C . 

4 . The lead - free solder alloy of claim 2 , wherein the alloy 
has melting point of from 200 to 222° C . 

5 . The solder alloy of claim 1 , wherein the alloy is in the 
form of a stick , a solid or flux cored wire , a foil or strip , or 
a powder or paste ( powder plus flux blend ) , or solder spheres 
for use in ball grid array joints or chip scale packages , or 
other pre - formed solder pieces , with or without a flux core 
or a flux coating . 

6 . The solder alloy of claim 2 , wherein the alloy is in the 
form of a stick , a solid or flux cored wire , a foil or strip , or 
a powder or paste ( powder plus flux blend ) , or solder spheres 
for use in ball grid array joints or chip scale packages , or 
other pre - formed solder pieces , with or without a flux core 
or a flux coating . 

7 . The solder alloy of claim 1 , wherein the alloy com 
prises nickel . 

8 . The solder alloy of claim 1 , wherein the alloy com 
prises cerium . 

9 . A soldered joint comprising a lead - free , antimony - free 
solder alloy comprising : 

( a ) 10 wt . % or less of silver 
( b ) 10 wt . % or less of bismuth 
( c ) 3 wt . % or less of copper 
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( d ) at least one of the following elements 
up to 1 wt . % of nickel 
up to 1 wt . % of titanium 
up to 1 wt . % of cobalt 
up to 3 . 5 wt . % of indium 
up to 1 wt . % of zinc 
up to 1 wt . % of cerium 

( e ) optionally one or more of the following elements 
0 to 1 wt . % of manganese 
0 to 1 wt . % of chromium 
O to 1 wt . % of germanium 
O to 1 wt . % of iron 
0 to 1 wt . % of aluminum 
0 to 1 wt . % of phosphorus 
0 to 1 wt . % of gold 
O to 1 wt . % of gallium 
O to 1 wt . % of tellurium 
0 to 1 wt . % of selenium 
0 to 1 wt . % of calcium 
0 to 1 wt . % of vanadium 
O to I wt . % of molybdenum 
0 to 1 wt . % of platinum 
0 to 1 wt . % of magnesium 
O to 1 wt . % of rare earths 

( f ) the balance tin , together with any unavoidable impu 
rities . 

10 . A soldered joint comprising a lead - free solder alloy 
comprising : 

( a ) 10 wt . % or less of silver 
( b ) 10 wt . % or less of bismuth 
( c ) 3 wt . % or less of copper 
( d ) 4 wt . % or less of antimony 
( e ) at least one of the following elements 

up to 1 wt . % of nickel 
up to 1 wt . % of titanium 
up to 1 wt . % of cobalt 
up to 3 . 5 wt . % of indium 
up to 1 wt . % of zinc 
up to 1 wt . % of cerium 

( f ) optionally one or more of the following elements 
0 to 1 wt . % of manganese 
0 to 1 wt . % of chromium 
0 to 1 wt . % of germanium 
0 to 1 wt . % of iron 
0 to 1 wt . % of aluminum 
0 to 1 wt . % of phosphorus 
0 to 1 wt . % of gold 
O to 1 wt . % of gallium 
0 to 1 wt . % of tellurium 
0 to 1 wt . % of selenium 
0 to 1 wt . % of calcium 
0 to 1 wt . % of vanadium 
0 to 1 wt . % of molybdenum 
0 to 1 wt . % of platinum 
0 to 1 wt . % of magnesium 
0 to 1 wt . % of rare earths 

( g ) the balance tin , together with any unavoidable impu 
rities . 

11 . A method of soldering , the method comprising the 
steps of : 

a ) applying a solder alloy to a substrate , wherein the 
solder is a lead free or a lead - free , antimony free solder 
alloy ; 

wherein the solder can be applied by wave soldering , 
Surface Mount Technology ( SMT ) soldering , die attach 
soldering , thermal interface soldering , hand soldering , 
laser and RF induction soldering , rework soldering , 
lamination , and combinations thereof . 

12 . The method according to claim 11 , wherein the 
lead - free , antimony - free solder alloy comprises : 

( a ) 10 wt . % or less of silver 
( b ) 10 wt . % or less of bismuth 
( c ) 3 wt . % or less of copper 
( d ) at least one of the following elements 

up to 1 wt . % of nickel 
up to 1 wt . % of titanium 
up to 1 wt . % of cobalt 
up to 3 . 5 wt . % of indium 
up to 1 wt . % of zinc 
up to 1 wt . % of cerium 

( e ) optionally one or more of the following elements 
0 to 1 wt . % of manganese 
0 to 1 wt . % of chromium 
0 to 1 wt . % of germanium 
0 to 1 wt . % of iron 
0 to 1 wt . % of aluminum 
0 to 1 wt . % of phosphorus 
0 to 1 wt . % of gold 
0 to 1 wt . % of gallium 
0 to 1 wt . % of tellurium 
0 to 1 wt . % a of selenium 
O to 1 wt . % of calcium 
O to 1 wt . % of vanadium 
0 to 1 wt . % of molybdenum 
0 to 1 wt . % of platinum 
0 to 1 wt . % of magnesium 
O to 1 wt . % of rare earths 

( f ) the balance tin , together with any unavoidable impu 
rities . 

13 . The method according to claim 11 , wherein the 
substrate is a printed circuit board , flexible substrate , a metal 
core circuit board , a leadframe , a direct bond copper on 
A1 , 0 , or AIN . 

14 . The method according to claim 11 , wherein the 
substrate is an LED component , LED die , and LED package , 
a high power switch , a high power amplifier or any other 
electronic component . 

15 . The method according to claim 14 , wherein the LED 
component exhibits less than 5 % change in CCT over 1500 
temperature cycles . 

16 . The method according to claim 11 , wherein the solder 
alloy has a thermal conductivity drop of less than 10 % when 
the temperature of the alloy reaches 150° C . 
17 . The method according to claim 11 , wherein the 

electrical resistivity of the solder alloy increases less than 
20 % when the temperature of the alloy reaches 85° C . 

18 . The method according to claim according to claim 14 , 
wherein the LED with the solder alloy applied exhibits at 
least 10 % higher luminous efficacy compared to an LED 
with SAC305 . 

19 . The method according to claim 14 wherein the LED 
with the solder alloy applied shows a smaller drop in 
luminous flux during temperature cycling compared to an 
LED with SAC305 . 

20 . The method according to claim 14 , wherein the solder 
is applied to the LED using die attach . 

* * * * 


