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The phase equilibria of the Sn-Cu-Au ternary, Ag-Sn-Cu-Au quaternary systems
and interfacial reactions between Sn-Cu alloys and Au were experimentally
investigated at specific temperatures in this study. The experimental results indi-
cated that there existed three ternary intermetallic compounds (IMCs) and a
complete solid solubility between AuSn and CugSns phases in the Sn-Cu-Au
ternary system at 200°C. No quaternary IMC was found in the isoplethal
section of the Ag-Sn-Cu-Au quaternary system. Three IMCs, AuSn, AuSn,,
and AuSny, were found in all couples. The same three IMCs and (Au,Cu)Sn/
(Cu,Au)gSns phases were found in all Sn-Cu/Au couples. The thickness of
these reaction layers increased with increasing temperature and time. The
mechanism of IMC growth can be described by using the parabolic law. In
addition, when the reaction time was extended and the Cu content of the alloy
was increased, the AuSn, phase disappeared gradually. The (Au,
Cu)Sn and (Cu Au)eSn; layers played roles as diffusion barriers against Sn in

Sn-Cu/Au reaction couple systems.

Key words: Phase equilibria, ternary intermetallic compound (IMC),
diffusion barrier, isoplethal section

INTRODUCTION

Due to environmental concerns arising from the
toxicity of Pb, the European Union (EU) has promul-
gated directives, which severely restricted the selling of
electronic products containing Pb in the EU after July
1,2006.! Several Sn-rich Pb-free solders, such as Sn-
Ag, Sn-Cu, Sn-Zn, Sn-Ag-Cu, and Sn-Ag-Bi, have
replaced eutectic Sn-Pb solders in microelectronic
packaging technology as connecting materials.
Among these Pb-free solders, Ag-Sn-Cu ternary and
Sn-Cu binary alloys are practical commodities and
widely used. The Au is commonly used in flip-chip
technology and tape automated bonding as the un-
der bump metallurgy or substrates in printed circuit
boards. Ag-Sn-Cu/Au and Sn-Cu/Au joints are fre-
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quently formed during soldering processes in elec-
tronic products. There are some studies related to
interfacial reactions between solders and Au.?'2
Nakahara et al. studied the reaction of a Sn/Au
system at room temperature and found that there
were (-solid solution, AuSn, AuSn,, and AuSn,
phases between Sn and Au.®’ Hannech et al.
researched the reaction of Pb-72at.%Sn with Au at
80-160°C, and three intermetallic compound (IMC)
layers, AuSn, AuSn,, and AuSn, phases, were
found.'® Chen and Yen investigated solid/solid
interfacial reactions of Sn-Ag/Au systems at various
temperatures. They also observed the same three
IMC layers.* However, no information about Sn-Cu/
Au systems can be found.

Phase diagrams are powerful and useful tools to
understand interfacial reactions. The constituent binary
phase diagrams, Sn-Cu,'® Sn-Au,* and Au-Cu,'® have
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been widely studied and published in the literature.
With regard to Sn-Cu-Au ternary systems, some
studies have been done at different tempera-
tures.'2* Karlsen et al. determined the phase
relationship of the Sn-Cu-Au system at 360°C and
proposed a continuous solid solution between
CugSn; and AuSn phases.'®2° However, Zakel et al.
studied the same ternary system at 190°C and
found that a two-phase region existed between
CugSn; and AuSn phases.?? Karlsen observed that
three ternary IMCs existed in the isothermal sec-
tion of the Sn-Cu-Au ternary system at 360°C, but
Zakel found that there was only one ternary IMC in
it at 190°C. Their results were not consistent. The
phase equilibria of ternary systems, Au-Sn-Cu,!%24
Ag-Sn-Cu,*?* Ag-Sn-Au,>**® and Ag-Cu-Au,” at
specific temperatures have been published.
Regarding the Ag-Sn-Cu-Au quaternary system, no
literature is available.

Due to the differing results on the phase equilibria of
the Sn-Cu-Au ternary system from different studies and
the information on the Ag-Sn-Cu-Au quaternary system
being deficient, the isothermal section of the Sn-Cu-Au
ternary system and the isoplethal section of the Ag-Sn-
Cu-Au quaternary system at a Sn-rich corner will be
established at 200°C in this work. No literature was
concerned with the interfacial reactions of Sn-Cu/Au
systems. The present study focuses on the solid/solid
state interfacial reactions in Sn-Cu/Au systems. The
kinetics and mechanism of IMC growth are also inves-
tigated. Furthermore, the isothermal section of the Sn-
Cu-Au ternary system is used to interpret reaction paths
of Sn-Cu/Au reaction couples at 200°C.

EXPERIMENTAL PROCEDURES

Phase Equilibria of the Sn-Cu-Au Ternary
and Ag-Sn-Cu-Au Quaternary Systems

The alloys for ternary and quaternary phase equilibria
experiments were prepared with Sn, Cu, Au, and Ag
shots of above 99.9 wt.% purity, and each alloy specimen
was of a total mass of 2.0 g. Proper amounts of pure
elements were weighed and encapsulated in a quartz tube
in a 0.1 N/m? vacuum. The sample tube was first
placed in a furnace at 900°C for 48 h to ensure a
homogeneous liquid mixing of the constituent ele-
ments and then quenched in icy water. The quenched
sample tubes with Sn-Cu-Au or Ag-Sn-Cu-Au alloys
were then annealed at 200°C for 1,000 h so that the
equilibrium states of the alloys could be reached. The
quartz tubes were quenched in icy water again.

The alloy ingot was removed from the quartz tube
and cut into halves. One half of the alloy specimen was
for the metallographic analysis, and the other was for
the x-ray diffraction (XRD) analysis. An optical
microscope (OM) and scanning electron microscope
(SEM) were used for microstructure examination, while
an SEM with an energy-dispersive spectrometer and
electron probe microanalyzer (EPMA) were applied for
the compositional analysis. The second half of the alloy
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specimen was pulverized and analyzed with an x-ray
diffractometer to obtain its diffraction pattern. From
the JCPDS*® (Joint Committee of Powder Diffraction
Standard) database, phases in the alloy could be
identified. Microstructures, compositional data, and
diffraction patterns were examined together to
identify the phases present in each equilibrated
alloy.

Interfacial Reactions in Sn-Cu/Au Couples

Sn-0.3wt.%Cu, Sn-0.5wt.%Cu, Sn-0.7wt.%Cu, and
Sn-1.0wt.%Cu alloys were prepared and dealt with using
the same procedure listed in the above section except for
the annealing process. After quenching, the alloys used
for reaction couples were cut into circular disks (6.00-
mm diameter and 2.00-mm thickness). The solid/solid
state reaction couples were prepared. Two Sn-Cu disks
and one Au piece of 3.50 mm X 3.50 mm X 100.00 pm
were sandwiched together by two stainless steel
screws. The schematic diagram of the reaction cou-
ple is similar to a previous work.* Boron nitride
powders were sprayed on the screws to prevent
reactions between the steel and Sn-Cu alloys. The
Sn-Cu/Au/Sn-Cu sandwiches fixed with screws were
encapsulated in evacuated quartz tubes and placed
in a furnace at 150°C, 180°C, or 200°C for periods
from 12 h to 400 h. Then, the reaction couple was
quenched in icy water.

The reaction couples were mounted in epoxy resin
and polished carefully. An OM and SEM were used to
observe surface morphologies. The EPMA was used to
determine the compositions of IMCs.

RESULTS AND DISCUSSION

Phase Equilibria of the Sn-Cu-Au Ternary
System at 200°C

As listed in Table I, 47 Sn-Cu-Au alloys were pre-
pared to survey the phase equilibria of the Sn-Cu-Au
ternary system. The alloys were annealed at 200°C
for 1000 h. Figure 1a is the backscattered electron
image (BEI) micrograph of alloy 1 (Sn-10at.%Cu-
10at.%Au). Three different phase regions are
observed. The composition of the bright phase is Sn-
0.7at.%Cu-19.3at.%Au, which is likely to be the
AuSn, phase * with 0.7at.%Cu solubility. The
composition of the gray phase is Sn-35.4at.%
Cu-15.6at.%Au, which is likely to be CugSns phase 2
with a great quantity of Au. The third phase region
is a dark matrix phase in which the composition is
near pure Sn, Sn-0.02at.%Au, and it is likely to be
the B-Sn phase. '* Figure 1b shows the XRD pattern
of alloy 1, and the existence of AuSn,, CugSns, and
B-Sn phases is confirmed.*® However, the diffraction
peak of the AuSn phase is also observed in Fig. 1b.
According to Karlsen’s report, a continuous range of
homogeneity was found between CugSns and AuSn
at 360°C.'® It is reasonable to consider that there
exists a complete solid solubility between AuSn and
CugSnj; phases in the Sn-Cu-Au ternary isothermal
section at 200°C. In this study, the stoichiometric
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Table I. Phase Equilibria of Sn-Cu-Au Ternary Alloys Experimentally Investigated in this Study Annealed at
200°C for 1,000 h—Selected Equilibrium Compositions Listed for Every Phase Region

Alloy Composition (At.%)

Alloy
No. Sn
1 80
2 70
3 70
4 70
5 70
6 55
7 55
8 55
9 60
10 60
11 60
12 40
13 40
14 40
15 40
16 40
17 40
18 30
19 30
20 30
21" 33
22 30
23 25
24 23
25 23
26 20
27, 20
28 20
29 20
30 15
31 19
32 20
33 20
34 8
35 10
36 13
37 11
38 13
39 15
40 11

Cu

10
25

30

40
50

32

Au

40

27
20

43

Composition (At.%)

Phases Sn Cu Au
Sn + AuSny + 67.1 0.5 32.4
AuSny 79.7 0.8 19.5
AuSn, 49.2 23.8 27.0
X
AuSny + g
Sn + AuSny + y
Sn + y
AuSn, + g
AuSny + g
AuSn; + AuSny + ¥
AuSn, 79.3 0.4 20.3
% 51.3 28.6 20.1
Sn + AuSny +
Sn 99.8 0.1 0.1
% 46.5 46.3 7.2
C+x
C 34.1 33.2 32.7
X 50.5 7.9 41.6
B+C+y
B+C+y
CusSn + y
CuszSn 25.1 73.3 1.6
% 46.8 47.3 5.9
+ (Au,Cu) + ¢
A 18.7 37.5 43.8
(Au,Cu) 4.1 47.2 48.7
% 494 3.7 46.9
B 20.1 44.2 35.7
C 33.2 33.1 33.7
% 47.8 6.1 46.1
B+C+y
B 22.5 574 20.1
CusSn 24.2 68.1 7.7
% 47.5 26.1 26.4
A 20.9 34.9 44.2
B 19.5 42.1 38.4
X 48.5 4.8 46.7
A+B+y
B 19.8 45.5 34.7
C 31.5 33.8 34.7
c 125 12.1 75.4
X 48.7 1.5 49.8
C+x
(Au,Cu) + L+ ¢
(Au,Cu) 6.5 43.3 50.2
% 48.5 5.1 46.4
(Au,Cu) +A+B
(Au,Cu) 6.5 58.7 34.8
B 19.3 49.5 31.2
CusSn
(Au,Cu) + CuzSn
(Au,Cu)
(Au,Cu) + A
(Au,Cu) + B
(Au,Cu) 5.6 67.5 26.9
B 19.3 51.6 29.1
(Au,Cu) + B

(Au,Cu) + B + CusSn

(Au,Cu) 4.8 86.8 8.4
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Table I. Continued
Alloy Composition (At.%) Composition (At.%)
Alloy
No. Sn Cu Au Phases Sn Cu Au
CuzSn 19.1 71.1 9.8

41 50.5 41.5 8 Sn +

42 50 32.5 17.5 %

43 49 25 26 X

44 49 21 30 X

45 49 18 33 AuSn, + g

46 48 16 36 C+y

47 47 7 46 C+y

A—AU4GC113381120-A114301137Snzo, B—All35CU45SIl20-AU2()Cu60Snz(), and C—Au34Cu33Sn33-Au320u35Sn33x—Au5xCu6(1_x)Sn5, o O—I*The

equilibrium compositions are mentioned in the text

X1,

1 o m Sn
2500 H O 7 AuSng
*
2000 <&
£
gﬁmd
1000 4
500 4
0
2

Fig. 1. (a) BEI micrograph and (b) XRD pattern of alloy 1
(Sn-10at.%Cu-10at.%Au) annealed at 200°C for 1,000 h.

formula of this continuous solid solution is expressed
as Aus,Cug1-,Sns, x: 0—1, which is labeled as ¥
phase. The EPMA and XRD results indicate that the
equilibrium phases of alloy 1 at 200°C are AuSny, v,
and B-Sn. Similar results are found for alloys 4 and
10, and both are in AuSny, %, and B-Sn tie-triangle
regions.

Figure 2a is the BEI micrograph of alloy 6
(Sn-10at.%Cu-35at.%Au). Two different brightness
regions are observed. The compositions of the dark
and the gray phases determined by using EPMA

are, respectively, Sn-0.5at.%Cu-33.4at.%Au and Sn-
12.9at.%Cu-36.4at.%Au, and they are likely to be
the AuSn, and AuSn phases.'* The XRD pattern of
alloy 6 is shown in Fig. 2b. The diffraction peaks of
AuSn, and AuSn phases are observed.*’ However,
the diffraction peak of the CugSns phase is also
found in Fig. 2b. Following reasoning similar to that
mentioned above, a complete solid solution exists
between CugSns and AuSn phases at 200°C. A
similar result is found for alloy 7. Alloys 6 and 7 are
in the two-phase regions and there are AuSny and y.

(b) 1 54 <>  AuSn
2500 % CusSns
1 @ AuSn;

55 6 6 70 75 80 8 9
20

Fig. 2. (a) BEI micrograph and (b) XRD pattern of alloy 6
(Sn-10at.%Cu -35at.%Au) annealed at 200°C for 1,000 h.
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Below the y phase region, 29 alloys (alloys 12 to
40) were prepared to examine the phase relations in
this system. The microstructure of alloy 21 (Sn-
40at.%Cu-27at.%Au) is shown in Fig. 3a. Three
phase regions, dark, gray, and bright, are observed,
and their compositions are, respectively, Sn-
60at.%Cu-20at.%Au, Sn-25at.%Cu-27at.%Au, and
Sn-35at.%Cu-32at.%Au. The dark region is likely to
be the ternary IMC-AuyCugSns, which is named
B;'840 the gray region is likely to be the AuSn
phase;'* and the bright region is another ternaxzr
IMC, Aus3CussSnss, which is named C.184°
According to the XRD pattern of alloy 21, as shown
in Fig. 3b, the diffraction peaks of B, C, and y
phases are found, and this result is in agreement
with the EPMA analyses. As listed in Table I, B, C,
and y are the equilibria for alloys 21, 14, 15, and 20.
In alloy 28 , as shown in Fig. 4a, the compositions of
three different brightness regions are Sn-
43.1at.%Cu-52.6at.%Au  (dark), Sn-7.1at.%Cu-
48.3at.%Au (gray), and Sn-30.1at.%Cu-58.2at.%Au
(light gray). The gray and the light gray regions
probably are y and (-solid solution'® phases,
respectively. The dark region is likely the (Au,Cu)
phase with a AuCu stoichiometric ratio. However,
from the XRD pattern (Fig. 4b), the AuCu peak
cannot be found. Similarly, AusCu and AuCus are
not found in other specimens. There is no inconsis-

Aus3Cusz3Sn; 3

%2480 T
2000 § [ AuxCugSn,
'| € AuCuiSmy
ered I|| <> AuSn
z ] 3
E 1000 4 Or <m_1
_P b U| L3 ]‘ IH.
2 'J J | ‘I \f
o "\me L% o o
i
0 T T T T T T
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Fig. 3. (a) BEI micrograph and (b) XRD pattern of alloy 21
(Sn-40at.%Cu-27at.%Au) annealed at 200°C for 1,000 h.
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Fig. 4. (a) BEI micrograph and (b) XRD pattern of alloy 28
(Sn-25at.%Cu-55at.%Au) annealed at 200°C for 1,000 h.

tency between the Sn-Cu-Au isothermal sections at
360°C,'® 190°C,%® and 200°C, showing that the
(Au,Cu) phase is a complete continuous solid solu-
tion. In addition, Sato and Toth have shown that
about 8at.%Sn has lowered the ordering tempera-
ture of the AuCu phase enough to prevent the
ordered phases, AusCu, AuCu, and AuCus, from
being formed.*!

For the examination of the continuous solid solution
between AuSn and CugSnjs phases, seven alloys, al-
loys 41-47, were prepared in the region, which is
around the composition of 50at.%Sn. Figure 5a and
b show the BEI micrograph and XRD pattern of
alloy 43 (Sn-25at.%Au-26at.%Cu). There is a single-
phase morphology in Fig. 5a, but both CugSns and
AuSn phase peaks are shown in Fig. 5b. Due to the
study of Karlsen'® and the same NiAs structure of
CueSns and AuSn phases from JCPDS,*° it is con-
sidered that a single phase was formed in this alloy.
Furthermore, based on XRD general principles, the
relationship between the composition and lattice
parameter is linear in a single-phase region.®® Re-
sults of the XRD analyses for alloys 41-47 are used
to calculate the lattice parameters of y phases by
using Bragg’s law and the hcp structure relation as
the following formulation:*
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Fig. 5. (a) BEIl micrograph and (b) XRD pattern of alloy 43
(Sn-25at.%Au-26at.%Cu) prepared around 50at.%Sn and annealed
at 200°C for 1,000 h.
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Figure 6 is a plot of the following lattice parame-
ters: @ and ¢ versus the mole ratio of (ncu/fcu + Naw)-
The straight in Fig. 6 is found. It indicates that
there exists a complete solid solubility between
AuSn and CugSnjs phases in the isothermal section
of the Sn-Cu-Au ternary system at 200°C. This
result is similar to Karlsen’s'® at 360°C, but this is
not identical with the isothermal section at 190°C
proposed by Zakel.?3

Other alloys were examined, and the results are listed in
Table I. Based on experimental determinations of all
47 equilibrated alloys, the isothermal section of the
Sn-Cu-Au ternary system at 200°C is proposed and
shownin Figure 7. The experimental results indicate
that there exist two complete continuous solid solu-
tions in the Sn-Cu-Au ternary isothermal section at
200°C. These two solid solutions are y and (Cu, Au)
phases, respectively. The AuSny, and the AuSny
phases have a limited solubility of Cu. However, the {
phase has a great solubility of Cu, which reaches a
level of 28at.%Cu. The CusSn phase has the solubility
of 10at.%Au. Three ternary IMCs, A, B, and C, having
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Fig. 6. Lattice parameters a and c versus the mole ratio of (nc./
ncu + Nau)-
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the homogeneity ranges AuygCuszzSngg-Auys.
CU37SD20, All35Cll45Snzo-AUQ()CUGOSDQO, and All34_
Cus3Sns3-AugoCussSnss, respectively, are found. In
addition, there are 10 single-phase regions, 18 two-
phase regions, and 10 tie-triangles in the isothermal
section at 200°C.

Phase Equilibria of the Ag-Sn-Cu-Au
Quaternary System at Sn-Rich Corner at 200°C

Twenty-five Ag-Sn-Cu-Au alloys, alloys 48-72, were
prepared to determine the isoplethal section at
95at.%Sn, and their compositions are listed in Table II.
All alloys were annealed at 200°C for 1000 h. As
shown in Fig. 8a, four different brightness regions
are observed in alloy 54 (Sn-2.5at.%Ag-2.25at.%Cu-
0.25at.%Au.). Based on the EPMA compositional
analysis, the bright granular region having a uni-
form composition of Sn-0.1at.%Cu-17.0at.%Au is
likely to be the AuSn, phase.'* The gray granular
region having Sn-74.4at.%Ag-0.5at.%Cu-0.1at.%Au
is likely to be the AgsSn phase*® dissolved Cu and
Au, which is labeled as (Ag,Cu,Au)3Sn. The compo-
sition of the dark region is Sn-0.2at.%Ag-
49.4at.%Cu- 3.3at.%Au and is likely to be the
CueSny phase'® dissolved Au and Ag, which is la-
beled as (Cu,Au,Ag)eSns. The gray matrix phase is
the Sn phase. The XRD results shown in Fig. 8b
indicate that there are AuSny, AgsSn, CugSns, and
Sn phases. Similar analyses were examined for
other alloys, and the results are shown in Fig. 9.

The isoplethal section of the Ag-Sn-Cu-Au quater-
nary system at 95at.%Sn at 200°C is also experimentally
established. There are 3 two-phase regions, 3 three-
phase regions, and 1 four-phase region in this isoplethal
section. No quaternary compound is found.

Interfacial Reaction of Sn-Cu/Au Couples

Three different IMC layers, AuSn, AuSny, and
AuSny, are found on the Sn/Au interface annealed
at 200°C for 100 h. The observation is similar to
those of Chen and Yen* and Hannech et al.'° How-
ever, the different results can be observed as Cu
added to Sn reacting with Au. Figure 10a is the BEI
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Sn

Auo

10

at. % Cu

Fig. 7. Isothermal section of the Sn-Cu-Au ternary system at 200°C.

Table II. Phase Equilibria of Ag-Sn-Cu-Au Quaternary Alloys Experimentally Investigated in this Study

Annealed at 200°C for 1000 h

Alloy
No.

Alloy Composition (At.%)

Phases

Sn + AgsSn + AuSny
Sn + AgsSn + AuSny
Sn + AgsSn + AuSny
Sn + AgsSn + AuSny + CugSns
Sn + AuSny
Sn + AgsSn + AuSny + CugSns
Sn + AgsSn + AuSny + CugSnj
Sn + AuSny
Sn + AgsSn + AuSny + CugSn;
Sn + AuSny
Sn + AgsSn + AuSny + CugSnj
Sn + AgsSn + AuSny + CugSns
Sn + AuSny + CugSns
Sn + AgsSn + AuSny + CugSns
Sn + AgsSn + AuSny + CugSnj
Sn + AuSny + CugSns
Sn + AuSny + CugSns
Sn + AuSny + CugSns
Sn + AgsSn + AuSny + CugSns
Sn + AuSny
Sn + AgsSn + CugSnjy
Sn + AuSny + CugSns
Sn + AuSny
Sn + AuSny
Sn + AgsSn + AuSny + CugSns
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Fig. 8. (a) BEIl micrograph and (b) XRD pattern of alloy 54
(Sn-2.5at.%Ag-2.25at.%Cu-0.25at.%Au) annealed at 200°C for
1,000 h.

micrograph of the Sn-0.3wt.%Cu/Au reaction couple
annealed at 200°C for 200 h. Except for the above-
mentioned three Au-Sn IMC layers, two new layers
were formed. The composition of the dark layer is
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Sn-6.8at.%Au-45.0at.%Cu, which is likely to be the
CugSn; phase'® dissolved Au, and is labeled as
(Cu,Au)gSns. The composition of the layer between
(Cu,Au)gSns and AuSng, is Sn-23.9at.%Au-
25.9at.%Cu, which is likely to be the AuSn phase,'*
and is labeled as (Au,Cu)Sn. The similar results of
five IMC layers are observed in Sn-0.3wt.%Cu/Au
couples annealed at 200°C for various reaction
times. However, the category of IMCs will be
changed for reaction couples with different Sn-Cu
compositions or at various lengths of reaction time.
The Sn-1.0wt.%Cu/Au reaction couple was annealed
at 200°C for 72 h, as shown in Fig. 10b. There were
only four layers on the Sn-Cu/Au interface, and the
AuSn, layer disappeared. Regarding the effect of Cu
content for the same length of reaction time,
experimental results indicate that the average
thickness of IMC is thinner than that of the other
reaction couples with lower Cu content in the Sn-Cu
alloys. Meanwhile, the thickness of (Au,Cu)Sn and
(Cu,Au)gSn5 layers is getting thicker. However, in
Figs. 10a, b, and 11, there are blurred boundaries
and concentration gradients between (Cu,Au)gSn;
and (Au,Cu)Sn phases. The morphologies of
Fig. 10a and b seemingly disagree with the contin-
uous solid solution between AuSn and CugSnjs
phases in the isothermal section at 200°C. Maybe
two-phase separation between AuSn and CugSns
exists in the y phase. This phase separation is likely
to be narrow and was not found out in this study. In
the next work, several alloys will need to be pre-
pared between AuSn and CugSns to examine the y
phase in detail. In addition, the Sn-Cw/Au and
AuSn/CugSns couples will be annealed for more
than 300 h to observe the change of boundary
between AuSn and CugSns phases. For different
reaction temperatures, such as Fig. 10c that shows

Sn-5%Ag

Sn+Ag;Sn+AuSn,
+CugSn;s

Sn+tAuSn +CusSns

\Srg+Cu6Sn5

5
Sn-5%Au 0

5 Sn-5%Cu

3 4

Cu at.%

Fig. 9. Isoplethal section of the Sn-Ag-Cu-Au quaternary system with 95at.%Sn at 200°C.



Fig. 10. BEI micrographs of the (a)
72 h, (c) 180°C for 200 h, and (d) 150°C for 300 h.
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Fig. 11. BEI micrograph and EPMA line-scan compositional profile of the Sn-1.0wt.%Cu/Au couple reacted at 200°C for 24 h.
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the morphology of the Sn-1.0wt.%Cu/Au couple
annealed at 180°C for 200 h and Fig. 10d that
shows the same reaction couple annealed at 150°C
for 300 h, there are four different brightness IMC
layers, AuSn, AuSny, (Au,Cu)Sn, and (Cu,Au)gSns,
on the Sn-Cu/Au interface in both reaction couples.
(Fig. 11)

Table III contains numbers of IMC layers that
were formed during interfacial reactions of Sn-Cw/
Au couples with different Cu contents and various
reaction times at 200°C. When the Cu content and
reaction time were increased, the AuSn, phase
gradually disappeared on the interface and turned
into (Au,Cu)Sn and (Cu,Au)gSns phases. Figure 12
is the thickness of total IMC layers of Sn-Cu/Au
couples with different Cu contents at 200°C. The
total thickness of IMC layers decreased as the Cu
content increased, and the slope changed remark-
ably until the concentration of Cu was more than
0.5 wt.%. Table III and Fig. 12 indicate that Cu
added to alloys inhibits the growth of the total IMC
layers, although the thickness of (Cu,Au)gSns in-
creases. The reason seems to be that the (Au,Cu)Sn
and (Cu,Au)gSnj layers play roles as diffusion bar-
riers to prevent Sn atoms from diffusing toward Au,
which results in the retardation of the Au-Sn IMC
growth. The growth of IMC layers can be charac-
terized by the linear relationship between the
thickness of IMC and the square root of reaction
time, x = ktY2, where & is the growth rate constant.
Based on the Arrhenius equation, & = k¢ X exp(—Q/
RT), the £ and the activation energy @ can be
determined and shown in Table IV. In Table IV, the
lowest activation energy is found in the Sn-
0.7wt.%Cu/Au system and the value is 47.51 J/mol.
It is likely to be related to the eutectic composition
of the Sn-Cu binary system, which is Sn-0.7wt.%Cu.

The possible mechanism of Sn-Cu/Au reaction cou-
ples can be explained as follows. In the first step, Sn
mainly diffuses into Au to form IMCs of AuSng,
AuSn,, and AuSn. Simultaneously, Cu is concen-
trated into the Sn-Cu solder on the interface, which
results in the formation of the CugSns phase. The
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Fig. 12. Thickness of total IMC layers of Sn-Cu/Au couples with
different Cu contents at 200°C.

Au also diffuses into the CugSns phase as
(Cu,Au)gSns, which acts as a diffusion barrier
against Sn. However, in the early stage of heat
treatment, Au content in the (Cu,Au)gSns phase is
not so high (estimated to be less than 20 at.%).
Therefore, the (Cu,Au)sSns phase equilibrates with
the AuSn, phase. Further diffusion of Au into the
(Cu,Au)gSns phase causes the increase of Au con-
tent in the (Cu,Au)gSns phase. When the Au content
exceeds the Cu content, the (Au,Cu)Sn phase turns
to equilibrate with the AuSn, phase. That is why
the AuSn, phase disappears. Furthermore, when
the Cu content and reaction time increase, for
example, the Sn-1.0Ag-2.5Cu/Au couple is annealed
at 150°C for 1200 h, one finds that not only the
AuSn, layer but also the AuSn, layer disappear.**

The results in Table III can be tied with the Sn-Cu-
Au isothermal section at 200°C to describe the
reaction paths of Sn-Cu/Au reaction couple systems.
For shorter reaction times and lower Cu contents
(<0.5wt.%Cu), the reaction path is Auw/AuSn/AuSny/
AuSn,/(Au,Cu)Sn/(Cu,Au)gSns/solder. Otherwise,
the reaction path is Au/AuSn/AuSny/(Au,Cu)Sn/
(Cu,Au)gSns/solder for longer reaction times and
higher Cu contents. Two kinds of reaction path are
shown in Fig. 13. It is clear that the change of Cu

Table III. Numbers of IMC Layers Forming during Interfacial Reactions of Sn-Cu/Au Couples with Different
Cu Contents and Various Reaction Times at 200°C

Alloy Sn Sn-0.3Cu Sn-0.5Cu Sn-0.7Cu Sn-1.0Cu
Time

12 h 3 5 5 5 5

24 h 3 5 5 5 5

48 h 3 5 5 5 5"

72 h 3 5 5 5 4

100 h 3 5 5 5" 4

200 h 3 5 5" 4 4

“The AuSn, phase is not a plane structure; it can only be partially formed at an interface. Three layers: Au/AuSn/AuSns/AuSn,/Sn. Four
layers: Au/AuSn/AuSny/(Au,Cu)Sn/(Cu,Au)eSn; /solder. Five layers: Au/AuSn/AuSny/AuSn,/(Au,Cu)Sn/(Cu,Au)sSns/solder.
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Table IV. Growth Rate Constants and Activation Energies of Sn-Cu/Au Reaction Couples at Various
Reaction Temperatures

Growth Rate Constant k (x10'2 cm?/s)

k 200°C 180°C 150°C Q (J/mole)
Alloy
Sn 145.04 45.44 20.30 63.14
Sn-0.3wt.%Cu 69.75 45.40 7.87 74.7
Sn-0.5wt.%Cu 20.00 13.27 2.49 71.28
Sn-0.7wt.%Cu 15.63 10.26 3.81 4751
Sn-1.0wt.%Cu 17.88 7.84 2.80 60.97
Sn = mass balance line

100 4

= = = = Cucontent < 0.5 wt.%,
and shorter reaction time

Cu content > 0.5 wt.%,
and longer reaction time

T T T T

Au © 10 20 30 40

T T T T >0

60 70 80 90 100 Cu

Cu at.%
Fig. 13. Reaction paths of Sn-Cu/Au couples reacted at 200°C superimposed with the Sn-Cu-Au 200°C isothermal section.

content affects the formation of IMCs and changes
the reaction path in the Sn-Cu/Au reaction couple.

CONCLUSIONS

The isothermal section of the Sn-Cu-Au ternary and
the isoplethal section of the Ag-Sn-Cu-Au quaternary
system at 200°C are experimentally established. In the
Sn-Cu-Au ternary system, there exists two continuous
solid solution phases. One is the Aus,Cug_Sns
phase that has a complete solid solubility between
AuSn and CugSnj phases and is marked as y phase,
and the other is the (Au,Cu) phase. Three ternary
IMCs, A—C are found at 200°C. The Cu atoms could
dissolve in the { phase in considerable quantities. In
the Ag-Sn-Cu-Au quaternary system, no quaternary
compound is found.

For all Sn-Cu/Au couples annealed at 200°C less
than 48 h, five IMCs, AuSn, AuSny, AuSny, (Au,-
Cu)Sn, and (Cu,Au)gSns, were formed on the inter-
face. The thickness of these reaction layers
increased with higher temperature and longer
reaction time, and the growth mechanism could be
described by using the parabolic law. When the
reaction time was extended and the Cu content of an
alloy was increased, the AuSny layer disappeared
gradually. Meanwhile, the formations of AuSn
and AuSn, layers were restrained and (Au,Cu)Sn
and (Cu,Au)gSns became thicker. (Au,Cu)Sn and
(CuAuw)eSns layers acted as diffusion barriers
against Sn in Sn-Cu/Au reaction couple systems.
The reaction path of the Sn-Cu/Au couple is Auw/
AuSn/AuSny/AuSn,/(Au,Cu)Sn/(Cu,Au)sSns /solder
for short reaction times and lower Cu contents
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(<0.5wt.%Cu). Otherwise, for longer reaction times
and higher Cu contents, the reaction path is Au/
AuSn/AuSny/(Au,Cu)Sn/(Cu,Au)gSns/solder.
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