Diffusion soldering
fundamentals and application



Conventional soldering

IP

Soldering: joining process below 425 °C using filler metals
(solders) having melting temperatures below those of base metals

Solders act by:

- wetting the metal surfaces forming the joints,

- flowing between these surfaces filling the space between them,
- metallurgically bonding to the surfaces when solidified.



Conventional soldering

Directive 2002/95/EC - New electrical and electronic
equipment should be free of lead and other hazardous
substances by July 1st, 2006.

WEEE 2002/96/EC - Waste Electrical and Electronic
Equipment (WEEE) — deadline 2008

Substitutes for Sn-Pb solders

Sn-based multicomponent alloys with alloying elements
such as Bi, In, Ag and Zn




Challenges for new joints

IBM: First a solution of the interconnection problem;
Then everything else



Need for a new lead-free joining technology




awin

Diffusion Soldering
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HM- high-melting component
(substrate)

LM- low-melting component (solder)
IP- intermetallic phase

(HM)- solid solution of LM in HM

T;- joining temperature

T,,- melting temperature of LM




The diffusion soldering should be distinguished from
the diffusion brazing. Although both processes
iInvolve the same bonding mechanism, the solid
solution of LM in HM is ultimately formed during
brazing in the interconnection area instead of the
Intermetallic phase. It also means that proces is
performed at such temperatures or for such systems
where there is no intermetallic phases.

The term transient liquid phase diffusion bonding
(TLP) is also frequently used to describe the joining
process involving isothermal solidification. However, it
IS also claimed, that no interface remains after the TLP
bonding operation, which resembles the diffusion
brazing rather than diffusion soldering.



Diffusion Soldering

Conventional Diffusion
soldering bonding

higher service temperature

smaller thermal expansion

mismatch stresses



Potential candidates for diffusion soldering

interlayer —— substrate

In-22 at.%Bi # Cu

In # Cu, Ag

In-48 aT.%Sn# Cu

solder's materials

In(60.3) | Bi(21.4) | Sn(18.3) 61
In(78) Bi(22) 72
In(52) Sn(48) 118




Cu/Sn/Cu interconnection
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Cu/Sn/Cu Interconnection
240 C eutectic Pb-Sn- 183 C

=
- 3

B sl
g

7

\ 120 s
7
2 6Cu+5SN(l) - CueSns

300s
Ll T Cu.Sn; — 5Sn(l) -> Cu,SN
X 7 ; 675 3

@)

S. Bader, W. Gust, H. Hieber, Acta Metall. Mater. 43, 329
(1995)




Cu/Sn/Cu interconnection

Tensile test

When both IPs present = strength twice larger than for pure Sn (18 MPa)

DEMAND FOR ELECTRONIC INDUSTRY: R,, = 3-5 MPa

Thermal cycling Cu/1.5 um Sn/Cu =5 min at 330°C
ﬁ_s\ For more than 300 cycles and p=0.8 MPa
-45°C/0.5h  4+1250C/0.5 h
R, =27 MPa
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S. Bader, W. Gust, H. Hieber, Acta Metall. Mater. 43, 329 (1995)



Cu/In-Sn/Cu Interconnection
n[Cug(Sn,In)s]
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X.J. Liu, H.S.Liu, I. Ohnuma et. al.
Experimental determination and thermodynamic calculation of the phase equilibria in the Cu-In-Sn system
J. Electronic Mater. 30 (2001) 1093-1103



Cu/In-48Sn/Cu interconnection - n[Cug(Sn,In):] phase
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Cu/In-48Sn/Cu interconnection- n[Cug4(Sn,In);] and &'[Cu,,(Sn,In),,] phases
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Cu/In-48Sn/Cu interconnection - 8'[Cu,,(Sn,In),,] phase
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Cu/In-48Sn/Cu interconnection - g[Cu,(Sn,In)] and 8[Cu-(In,Sn);] phases
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Cu/In-485Sn/Cu interconnection - diffusion path
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n[CUG(Sn’In)S]
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300 -350 °C
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Shear test at room temperature in Cu/In-485Sn/Cu joint

Temperature and Phases present in the joined area Shear strength [MPa]
time of
production
200 °C/3 hours Nn[Cug(Sn,In);] and In-Sn solder 4.6
200 °C/5 hours n[Cug(Sn,In);] and In-Sn solder 7.1
200 °C/3 days n[Cu4(Sn,In)c] 11.2
250 °C/3 hours n[Cug(Sn,In)g], 8'[Cu,,(Sn,In),;], In-Sn solder 4.2
300 °C/3 hours n[Cu4(Sn,In)], 8’ [Cu,,(Sn,In),,], IN-Sn solder 4.7
300 °C/5 hours n[Cug(Sn,In)c], 8’ [Cu,,(Sn,In), ], IN-Sn solder 6.4
300 °C/3 days 8’ [Cu,,(Sn,In), ] 28.5

Shear test at elevated temperature in Cu/In-48Sn/Cu joint

Temperature Phases present in the joined area Shear strength [MPa]
and time of
production
200 °C/3 days N[Cu4(Sn,In)c] 9.5 (test at 100 °C)
200 °C/2 weeks Nn[Cug(Sn,In)] and &'[Cu,,(Sn,In),,] 9.8 (test at 100 °C)
300 °C/1 week &' [Cu,,(Sn,In),,] The fracture occurred in copper substrate.
Joint was not destroyed at 100 and 150 °C
300 °C/2 weeks &' [Cu,,(Sn,In),,] The fracture occurred in copper substrate.

Joint was not destroyed at 100 and 150 °C




Temperature ° C

Cu+5at.%Ni/Sn/Cu+5at.%Ni interconnection
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Cu+5at.%Ni/Sn/Cu+5at.%Ni interconnection n[(Cu,_Ni,)sSng]
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Cu/Sn/Cu vs. Cu+5at.%Ni/Sn/Cu+5at.%Ni joints
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Cu+5at.%Ni/Sn/Cu+5at.%Ni interconnection n[(Cu,_Ni,)sSng]
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Rate controlling factor of IPs growth

*for n=0.5: parabolic growth,

In general: —r
controlled by the volume diffusion

time *for n=1: linear growth,
controlled by the chemical
reaction at the phase boundary

the widith of the
phase interlayer

Growth rate constant

There are two important advantages of linear growth from the
diffusion soldering process point of view:

1. faster formation of the intermetallic phase,

2. shorter time needed to create a joint.



Growth kinetics n and € phases in Cu/Sn/Cu joint

n phase n
240 °C 0.21
300 °C 0.26
€ phase n
240 °C 0.45
300 °C 0.49

S. Bader, W. Gust, H. Hieber, Acta Metall. Mater. 43, 329 (1995)



Growth kinetics n and &' phases in Cu/In-485Sn/Cu joint

5 at 300 °C T hase -
180°C | 0.40%0.02
o 200°C | 0.20%0.03
e 220°C | 0.31+0.09
. ' phase n
o w e @ 300°C | 1.08%0.04
325°C | 1.10%0.08
350°C | 0.91+0.04




Rate controlling factor of IPs growth
in Cu+5at.%Ni/Sn/Cu+5at.%Ni joints

S_ktn *for n=1: controlled by the volume

diffusion
/ \time *for n<1: controlled by the grain

the area of the phase boundary diffusion

Growth rate constant

Wierzbicka-Miernik A., Miernik K., Wojewoda-Budka J., Filipek R., Lityriska-Dobrzynska L., Kodentsov A.,
Zieba P. (2013): Growth kinetics of the intermetallic phase in diffusion-soldered
Cu+5at.%Ni)/Sn/(Cu+5at.%Ni) interconnections, Materials Chemistry and Physics 142, 682-685.
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Growth kinetics n phase in Cu+5at.%Ni/Sn/Cu+5at.%Ni joint

n at 250 °C

n phase n coeficient

240 °C 0.27 +0.08

_ 250 °C 0.24 + 0.08
-/kﬁ 260 °C 0.15 + 0.09

n<l: grain boundary diffusion
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Conclusions

The diffusion soldering is a novel interconnection technology. It
IS characterized by the low joining temperature (comparable
with Pb-Sn eutectic solders) combined with the service
temperature, which can be higher by several hundred degrees
than the joining temperature. For these reasons, diffusion
soldering Is a very attractive method for certain types of
electronic application.

The proces can be even more efficient if:

« the growth kinetics of IPs is controlled either by chemical
reactions at the interfaces or grain boundary diffusion
processes,

« The substrate is doped with other elements preventing
growth of undesired IPs like e-Cu;Sn and accelerating
growth kinetics due to change of formation mechanism of
IPs (see (Cu,_(Ni,)sSnc.



