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Abstract 

Au Sn eutectic alloy has been successfully used in microelectronic packaging for high reliability applications where 
a hard solder as well as a low processing temperature are required. A new multilayer bonding technology not only 
has produced nearly perfect bonding but also has reduced the processing temperature even below the eutectic 
melting point. Knowledge of the different phases of the alloy and their formation, as well as the interdiffusion that 
occurs, thus becomes important in studying the bonding principle and the long-term reliability. In this paper, we 
review a large number of publications on the Au Sn system and summarize the important properties. We hope that 
this summary would further enhance the development of new Au Sn bonding methods as a result of an overall 
understanding of oxidation and diffusion properties. 

I. Introduction 

A semiconductor package plays an important  role in 
electronic products as it serves the purposes of  heat 
dissipation, mechanical support and electrical connec- 
tion. The integrated circuit chip or die is bonded to the 
package and the bonding needs to satisfy these pur- 
poses. The quality of  the die attach is important  since 
unreliable bonding leads to early device failure as a 
result of  inadequate heat dissipation and low mechani- 
cal strength. Commonly  used die bond media include 
soft solders, hard solders, and metal-filled epoxies and 
glass. Hard solders have been used for over 30 years for 
highly reliable die attach and include eutectic alloys of 
Au Si, Au Ge, and Au-S n ,  which have melting tem- 
peratures of  363 ~C, 361 "C, and 280 'C  respectively 
[1, 2]. Compared with soft solders and epoxies, hard 
solders have the advantages of  very high strength, no 
thermal fatigue, as well as no outgassing. 

Of  the three hard solders, the A u - S n  eutectic alloy 
has the lowest melting temperature and therefore has 
special use for devices sensitive to high processing tem- 
peratures such as GaAs dice [3 8]. The high thermal 
conductivity of  the alloy makes it especially attractive 
in power amplifier packages which tend to run hot [7]. 
Successful at tachment of  large Si dice with Au Sn alloy 
has also been demonstrated in spite of  the large thermal 
expansion mismatch [9 11]. Futhermore,  this eutectic 
alloy also has good mechanical properties, i.e. high 
strength and lowest Young's  modulus of  the hard sol- 
ders. As well as its use in die bonding, it is thus often 
used in the electronic industry for tape automated 

bonding (TAB) [12], microsensor bonding [13], pack- 
age lid sealing [14], and attachment of  the multilayer 
ceramic chip carriers to ceramic substrates [15]. 

Die bonding is carried out by first putting the solder 
preform on the package. Then the die is placed on the 
package and the temperature of the solder is raised 
above its melting point. To prevent oxidation, this is 
usually carried out in the presence of nitrogen or form- 
ing gas flow. Voids in the solder bonds are common [3] 
and studies have indicated that the cause of voids is the 
segregation and formation of materials such as oxides 
and C on the melted solder [4, 16-18]. These materials 
form a solid film on the molten solder solution, which 
prevents the solution from producing a bond with the die 
and the package. The oxide layer which exists on the 
surface of the as-fabricated solder preform is further 
enhanced in the bonding process when the preform melts 
[4, 18]. This results in incomplete wetting of the melted 
solder along the surfaces that will be attached. A scrub- 
bing motion is often used to break up the surface tension 
and surface film of the solder [3, 8] but this may lead to 
additional voiding [5, 6]. Intermetallic formation of 
AuSn4 at the solder-metall ization interface which can 
lead to embrittlement and development of  stresses when 
bonding other types of Sn solders (Sn Pb, Sn-Ag)  to 
Au metallization is not a concern for this eutectic alloy 
since its main components are Au and Sn [7]. 

Bonding with an alloy that is slightly different from 
the eutectic composition [19] raises a need for a better 
understanding of the reactions present in this alloy as 
well as the different phases of the system. Successful die 
attach has recently been achieved using Au/Sn multilay- 
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ers which were pre-evaporated on the die [20] or on the 
substrate [21]. Use of pre-deposited layers has the advan- 
tages of reducing oxidation and making the die attach 
medium thinner, down to several microns. This has 
allowed successful bonding of 100 lain thin dice with 90 gm 
via holes without cracking [21]. Cracking from via sites 
due to solder filling of the via holes has been identified 
as a problem in this type of die using a conventional solder 
reflow method [3]. Furthermore, multilayer bonding has 
been accomplished at temperatures below the eutectic 
temperature [22], thus allowing even lower temperature 
high reliability bonding often necessary for laser diode 
dice. This necessitates better knowledge of the interdiffu- 
sion mechanism and alloy formation in Au-Sn couples. 

2. Au-Sn alloy 

2.1. Phase diagram 
The equilibrium phase diagram of the Au-Sn system 

shown in Fig. 1 [23] represents one of the more compli- 

cared and intriguing binary systems. Its complexity is 
caused by the existence of four different stable inter- 
metallic compounds as well as two eutectic and at least 
three peritectic points. Over the past century, a great 
deal of work has been performed to establish the com- 
plete Au-Sn phase diagram and to study the character- 
istics of the many phases identified. The original 
diagram was given by Vogel in 1905 [24] and later 
improved on by Hansen [25]. The diagram given in Fig. 
1 is that compiled by Okamoto and Massalski [23]. 
However, the properties and boundaries of several 
phases are still not completely determined and work is 
still being conducted on the refinement of the phase 
diagram, especially in the Au-rich region. Recent work 
has modified this portion of the phase diagram giving 
the diagram shown in Fig. 2 [26]. Important properties 
of the phases themselves are also not well understood. 

The terminal solid solution on the left-hand side of 
the phase diagram has the same crystal structure as Au, 
f.c.c. This is a substitutional solid solution of Sn in Au, 
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where Sn atoms substitute for Au atoms up to 6.6 at.% 
in the crystal structure. The substitutional type of re- 
placement of  the solid solution is possible here because 
the atoms are nearly the same size, namely the atomic 
radius of  Au is 1.59/~, while that of  Sn is 1.63 ,~, or 
2.5% higher [27], which is well below the 15% limit 
generally considered as the upper limit for the possibil- 
ity of  substitution. The size of  the f.c.c, lattice, however, 
increases as more Sn substitutes the Au atoms. As the 
Sn content is increased from 0 to 6.6 at.%, the lattice 
parameter  a increases from 4.0784/~ to 4.1053/~ [28]. 
Correspondingly, the volume per a tom increases with 
increasing Sn concentration in the terminal solution. 
The extension of this solid solution is limited by the 
electron concentration. A higher valency of the solute 
atom causes a smaller maximum solubility of the solute 
in the terminal solution. Here Sn is tetravalent and the 
terminal solid solution of Au has a solubility limit of  
6.6 at.% of Sn (at 532 ~'C) [26]. The limit, however, is 

also dependent on other factors. One of these is that in 
an alloy of two elements which differ widely in electro- 
chemical characteristics, one being very electropositive 
compared with the other (Au is 2.3, Sn 1.8), there is a 
tendency to form stable intermediate phases or inter- 
metallic compounds at the expense of the primary solid 
solutions. 

As the Sn concentration increases and with tempera- 
tures above 532 °C, there is a liquid solution of the Au 
terminal solid solution. The range of temperatures over 
which freezing of the liquid solution occurs varies with 
the composition of the alloy. For  pure Au, the melting 
point is at 1064.43 °C. Addition of Sn to Au lowers the 
melting point rapidly and the solidus and liquidus meet 
at two peritectic points and one eutectic point as the 
melting point drops to 280 °C. 

First Au Sn phase diagrams did not have a peritectic 
reaction, where a liquid and a solid phase form a 
second solid phase, in the Au-rich region of the dia- 
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gram [24]. Later [28], evidence was found for the 
peritectic reaction [L + (Au)] , , ~ at 498 °C. The tem- 
perature of  this reaction was then put at 483 °C by 
Davies and Leach [29]. This has subsequently [30] been 
divided into two peritectic reactions, [L + (Au)] ~ / 3  
at 532 ~C and [L + fi] ~ , ~ at 519 °C. Newest measure- 
ments [26] confirm these two reactions but put the 
second at 521 ~'C. Further work is needed for this 
region of the phase diagram. The two phases brought 
up here, fl and ~, now require some clarification. 

The fl phase had been assessed to be the AumSn 
intermetallic compound,  but recent measurements put it 
at 8.0 at.% Sn [26]. Figure 2 shows that the maximum 
temperature of  such an intermediate phase is 532 °C. It 
has a double close-packed hexagonal (c.p.h.) stacking 
structure (such as TiNi3) [31]. This phase, originally 
thought to be stable only above 250 °C, has now been 
confirmed to exist down to 190 °C [26] and may exist 
down to room temperature. Further study is needed to 
elucidate this phase. 

The ~ phase has been found to extend at least from 
9.1 at.% Sn at 521 c~C to 17.6 at.% Sn at 280 °C [26]. Its 
Mg-type c.p.h, lattice changes over this range with 
lattice constant a increasing and constant c increasing 
and then decreasing. The net result is an increase in 
volume per atom as the Sn concentration increases. 
This increase is at the same rate as the volume increase 
in the terminal solution when plotted against electron 
concentration, i.e. the ratio of  all valency electrons to 
the number  of  atoms [32]. 

The ~' phase is a stable intermetallic compound 
(AusSn) with an Sn content of  16.7 at.% [33]. X-ray 
diffraction study determined that it has a c.p.h, struc- 
ture with the unit cell of  the superstructure having 15 
Au and 3 Sn atoms. The homogeneity range of the {' 
phase is less than 1 at."/,, at low temperatures. It exists 
up to 195 °C where a congruent reaction occurs, form- 
ing the ~ phase. Measurement of  thermophysical prop- 
erties of  A u - S n  alloys indicates that this 
t ransformation near 190 °C involves a volume contrac- 
tion [34]. In addition to this reaction, another charac- 
teristic of  the if' phase is the eutectoid reaction 

, , [if' + AuSn] in which solid solution ~ changes to 
two different solid solutions at the eutectoid tempera- 
ture. This reaction occurs at 18.5 at."/,, Sn and 190 °C 
[33]. This point is disputed by the findings of  Ciulik and 
Notis [26], shown in Fig. 2, where the eutectoid reac- 
tion if' ~ -~  [{ + AuSn] is postulated. 

The 6 phase is the AuSn intermetallic compound with 
a melting point of  419.3 ~'C [35]. This s i lver-gray mate- 
rial is more brittle than Au and harder than either Au 
or Sn. Unlike compounds with exact ratios of  elements, 
this non-stoichiometric compound has a homogeneity 
range between 50.0 and 50.5 at.% Sn [36]. The AuSn 
phase is a subtractional solid solution of a limited range 

that can be designated as Aul _xSn (0.00 ~< x ~< 0.02). 
X-ray densities calculated with change of composition 
confirm that the subtraction of Au atoms from the 
AuSn lattice occurs. The structure of  the AuSn lattice is 
NiAs-type hexagonal with two molecules of AuSn asso- 
ciated with the unit cell [36]. 

A eutectic reaction where a single liquid solution 
changes into two entirely solid phases occurs at 
29.5 at.% Sn and has the reaction L +---, [~ + AuSn]. 
This eutectic alloy has as its constituents the { and 6 
phases. This is the eutectic point of 20 wt.% Sn and 
80 wt.% Au commonly used in bonding and sealing. 
The eutectic temperature was measured to be 
278 "C + 2 ~'C [29], close to original and current mea- 
surements of  280 °C [24, 26]. 

The e. phase is the AuSnz intermetallic compound. 
The temperature of the peritectic reaction [L + 6] ~--~ e~ 
is 309 ~'C, giving the liquidus composition of 
71.3 at.% Sn [24]. The homogeneity range of this phase 
is very narrow and the crystal structure is orthorhombic 
c.p.h. [37]. 

The t/ phase is the AuSn4 compound,  a centered 
orthorhombic c.p.h, structure. The homogeneity range 
of this phase i s  also very narrow. It was found that 
thermal and mechanical treatment of  AuSn 4 samples 
has an effect on the crystal structure, causing an inter- 
layer gliding effect between the atomic layers of  Au and 
Sn. This results in decomposition of the AuSn 4 phase 
and the precipitation of AuSn2 and fi-Sn phases [38, 
39]. There is a peritectic reaction [ L + e ] ~  , q at 
252 °C [24], giving the liquidus composition of about 
88.5 at.% Sn. 

The second eutectic reaction of this phase diagram 
L ,  , [q + fl-Sn] takes place at 93.7 at.% Sn and 217 °C 
[24]. This eutectic alloy has been studied for its crystal- 
lography [40]. Its solidification and morphology were 
also studied [41]. However, its electrical, mechanical, 
and thermal properties are unknown. 

There are two terminal solid solutions of  Sn, metallic 
(white) fi-Sn and semiconducting (gray) c~-Sn. The 
c~ ~ fl transition in Sn is unique in that the reversible 
transformation can take place near room temperature 
and under l atm pressure. The allotropic transforma- 
tion temperature of  the Sn phase from the fl-Sn b.c.t. 
structure crystal to the ~-Sn diamond cubic-type struc- 
ture is 13 °C [42]. This is a very slow transformation 
and seems to be diffusion controlled. This transforma- 
tion causes the phenomenon known as "tin pest" at 
prolonged exposures at low temperatures. The reverse 

, fl transition normally occurs at 20 °C and in- 
volves a 21% volume contraction. It has rapid growth 
and is therefore believed to be martensitic [43]. It is 
interesting to note that in dilute alloys of  Sn Ge the 
transformation takes place at higher temperatures [42]. 
Not  enough is understood about  this transformation. 
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Finally, the fl-Sn solid solution was found to have a 
solubility of up to 0.2 at.% Au [44]. The ~-Sn solid 
solution, on the contrary, has a very limited solid 
solubility of less than 0.006 at.% Au. 

2.2. Thermodynamic properties and metastable phases 
In order to obtain better understanding of metallur- 

gical phenomena, knowledge of the interatomic bond in 
the alloys is important. Thermodynamic measurements 
provide a quantitative measure of changes of bonding 
energy. Extensive studies have been performed to deter- 
mine the heat of solution or partial enthalpy of Au in 
Sn [45-51], integral enthalpy of mixing [50-53], the 
heat of formation [25, 54, 55], and the heat capacity 
[51, 56, 57] of the liquid alloy at different concentra- 
tions and temperatures. The minimum of the integral 
enthalpy at 48 at.% Sn indicates strong bonds at this 
composition [52]. Heat capacity measurements also ex- 
hibit maxima at 50 at."/,, and at about 20 at.% Sn [51, 
56]. Calculation of excess entropies reveals deviations at 
55 at.% Sn and 25 atY, Sn, indicating formation of 
clusters in the liquid state in the vicinity of these 
compositions [58]. Resistivity measurements also ex- 
hibit anomalous behavior at 55 and 22 at.°/,, Sn [59]. 
Measurements of the partial enthalpy of Au give un- 
usual behavior at 28 at.% Sn, indicating a change in the 
nature of the bonds at this composition [51]. The heat 
capacity having a minimum at 28 at.% Sn also predicts 
a bond change [51]. The experimental thermodynamic 
values were used to calculate the phase diagram [60]. 
The calculated diagram compares favorably with the 
experimentally determined diagram. It also has some 
inconsistencies in the Au-rich region, pointing to the 
need for further experimental work on this portion. 

X-ray diffraction patterns of the liquid alloys were 
also obtained to determine their structure [61, 62]. Two 
distinct maxima were found in the intensity peak of the 
diffraction patterns of the liquid alloy, one correspond- 
ing to a random mixture of the component elements, 
and the other to a close interatomic distance. This 
indicates that there is strong attraction in the liquid 
between Au and Sn atoms. This is noted over the entire 
range of compositions, but most evident at 25 at.% Sn 
where the interatomic distance 2.85/~ obtained From 
the diffraction pattern is very close to the A u - S n  
distance found in the crystalline compound AuSn of 
2.84/~ [61]. This confirms the thermodynamic measure- 
ment conclusions that this liquid alloy has very strong 
bonds. This would lead to the conclusion that the 
corresponding solid alloy would also exhibit very strong 
bonding. 

Vapor-quenched amorphous alloy films of A u - S n  
obtained by condensation on substrates held at 77 K 
exhibited very good agreement of the interatomic dis- 
tances with those of the liquid and a strong tendency 

for compound formation within their nearest-neighbor 
arrangements [63, 64]. The values of the interatomic 
distances of the amorphous alloys at 50 atYo agreed 
well with that of the AuSn compound, indicating that 
the short-range order of the amorphous film is close to 
that of this compound [63]. Compared with alloys in 
the vicinity, the amorphous-crystall ine transformation 
temperature has a minimum (252 K) at 50 at.% Au 
concentration. This points to high stability of the AuSn 
crystalline compound. Resistivity measurements per- 
formed during the transformation from the  amorphous 
to the crystalline metallic state also find a gradual 
decrease in resistivity at the 20 at.% Sn concentration, 
again indicating that a certain percentage of small 
crystallites is already present in the amorphous alloy 
[64]. 

Several metastable phases have been found for the 
system by splat cooling, i.e. rapid quenching of an alloy 
film on substrates at - 190 C .  One such phase was the 
single-phase alloy reported at 92 at.% Sn [65] and an- 
other was found at 20.5 at.% Sn [66 68]. The latter is a 
7 phase with a 7-brass structure and was found to 
coexist with ~ and AuSn. On the basis of the heat of 
formation, it is believed that this phase is fairly stable 
with respect to its component elements, but unstable 
with respect to the competing equilibrium phases. It is 
asserted that ?, phase, which has a heat of formation 
comparable with those of the stable phases of the 
system, barely misses formation in the Au Sn system at 
equilibrium [67]. More metastable phases were iden- 
tified by Ishihara et al. [68] including one which melts 
by a metastable eutectic reaction, 46 ~'C below the sta- 
ble eutectic temperature. 

2.3. Wetting, oxidation, and segregation 
The wetting of metal surfaces by molten solder is 

usually considered solely as an interfacial energy imbal- 
ance. However, the intermetallic formation on the 
wetted surface is often ignored. In fact, calculations 
show that the driving force for wetting is the reaction 
between the liquid metal and solid substrate [69]. For 
multicomponent alloy liquids, the overall driving force 
for wetting is reaction energies. 

Shear viscosity of the A u - S n  eutectic is very low: 
q(T.1,) = 0.9 mPa s, where T,1 is the melting point of the 
eutectic (280 C )  [70]. Even though there is association 
in the alloy liquid, corresponding to a negative enthalpy 
of mixing, viscosity is very low compared with similar 
eutectics. It is also lower  than that of tin itself 
( 1.85 mPa s). 

Keeping these two factors in mind, we should be able 
to obtain good and easy wetting of the Au Sn alloy. 
However, this is often not the case and a scrubbing 
motion [8] or static pressure [4-6,  10, 11] needs to be 
used to achieve complete wetting of the surfaces. Good 
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wetting should be readily achievable since the A u - S n  
alloy is being melted and is wetting an Au-coated 
surface, and since this eutectic has very low viscosity. 
The explanation lies in the fact that there is an oxide 
film that is preventing contact with the bonding surface. 

Electron spectroscopy for chemical analysis (ESCA) 
studies performed on eutectic alloy preform before and 
after melting [4] have shown that there is oxidation of 
tin as reflected in the shift of  the binding energy of Sn 
electrons. A high concentration of O was found and a 
conclusion can be drawn that most of the Sn is in oxide 
form. Apart from the fact that the surface of  the melted 
preform is completely oxidized, significantly smaller Au 
peaks were identified compared with the eutectic pre- 
form scan, indicating a lower Au composition on the 
surface. In addition to a substantial amount of carbon 
and oxygen, it was found that the relative concentra- 
tions of Sn and Au are not as they should be in the 
eutectic alloy. The Sn composition was 57.4 at.% rather 
than the eutectic composition of 29.5 at.%. As the 
preforms were melted and heated to higher tempera- 
ture, the Sn composition in the surface layer increased. 
An increase in the O content was also noted. This 
observation suggests that, in the melting process, Sn 
segregates to the surface of the alloy. The Sn was 
oxidizing on the surface even though the melting pro- 
cess was performed in an H2 environment. The presence 
of H 2 has a retarding influence on oxidation, but it 
seems that even very small partial pressures of 'Oz will 
cause Sn oxidation. The significant amount  of C iden- 
tified was caused by surface contamination. The surface 
of the samples was not cleaned by any form of ion 
bombardment so that we would be able to view the 
natural oxidation of tin and this has left other contam- 
ination on the surface. 

Other studies of the liquid and solidified A u - S n  alloy 
reveal similar enrichment of the surface with tin [71, 72]. 
Ichikawa determined with ESCA an Sn composition of 
59 at.% for a sample before melting or oxide cleaning 
[71]. This is close to the above value of 57.4 at.% [4]. 
Even samples cleaned with ion bombardment and then 
melted and solidified still had 42 at."/,, of  Sn on the 
surface [71]. An oxidized preform that was subsequently 
melted and re-solidified exhibited an even greater Sn 
segregation with a concentration of 68.4 at.% [4]. 

An Auger electron spectroscopy (AES) study of the 
A u - S n  alloys also found pronounced surface segrega- 
tion of Sn [72]. These samples were also cleaned of any 
oxides although this was not easily done. This study 
found that for the ~ phase alloy of 13.3 at.% Sn, the 
surface layer had a composition of about 57 at.% Sn. 
Even for a 1 at?A, Sn c~ solid solution, the surface mono- 
layer had a 54 atY/,, Sn composition [72]. It is interesting 
that the 6 (AuSn) phase, on the contrary, exhibited no 
Sn segregation, probably because of strong ordering of  

this phase. For  phase between 6 and ~, which includes 
the eutectic alloy, indications are that the surface com- 
position can be determined by using the lever rule 
applied to the segregated ~ phase and the unsegregated 
6 phase. This calculation performed using the ~ segre- 
gation value given by Overbury and Somorjai [72] gives 
54 at.% Sn on the surface of a segregated A u - S n  eutec- 
tic alloy. This again agrees well with the 57.5 at.% Sn 
figure obtained by the ESCA analysis [4]. 

Sn is expected to segregate to the surface of the 
Au Sn alloys since it has a smaller surface free energy 
than that of Au (0.6 J m 2 for Sn vs. 1.4 J m - 2  for Au 
at just below their melting points) [73]. The driving 
force for segregation is thus the heat of adsorption 
(also known as heat of segregation) which represents 
the enthalpy change which results when an atom of Sn 
in the bulk phase exchanges positions with an atom of 
Au lying in the surface phase. The general expression is 
written as [74] 

XA s XA b ( AgaN~ 
XB S XB b exp -- k~ T ]  

where XA S and XB ~ are the equilibrium atom fractions 
of components A and B in the surface phase, XA b and 
XB b are the respective atom fractions in the bulk phase 
and AH~ is the heat of adsorption. This is the general 
approach and the model can be expanded to include 
other effects [74]. 

The relative sizes of the two atoms play a role as does 
the strain energy associated with a solute atom in a 
solid solution of the solvent atom. Alloy parameters 
such as atomic size ratio, surface tension ratio and 
bond strength ratio can also be used to predict success- 
fully the segregating component to be Sn [75]. In addi- 
tion, chemisorption of 02 tends to increase the surface 
concentration of Sn because of the higher stability of 
tin oxide [73, 76]. 

Looking at the oxidation of the segregated Sn, studies 
have been performed on Sn oxidation [77, 78], but do 
not agree on the form of the Sn oxide. Although some 
found both SnO and SnO2 [77], others found only S n O  2 

[78]. There is a considerable question as to which oxide 
covers the other if both are present. It is suggested that 
O penetrates beneath the outermost layers of Sn. The 
depth of penetration, however, is believed to be small. 
The oxides cannot be distinguished by ESCA or AES. 

A recent study analyzed the form of Sn oxide that 
formed on Au/Sn composite films [79]. Using ESCA 
and AES, it was found that Sn segregated to the Au 
surface and formed an oxide. However, neither of these 
techniques is capable of distinguishing the oxides, so 
selected area diffraction was used and it identified SnO2 
as the oxide formed. 

Two additional studies were carried out on tin oxida- 
tion in an Au-2.0at .%Sn alloy [80, 81]. Even alloys 
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with such a small amount  of  Sn had surface layers of  
Sn oxide. However, both studies found no internal 
oxidation of the alloy. SnO2 was identified as the only 
surface oxide. The thickness of  the oxide layer after 
annealing the alloy at a temperature of  700 ~'C for 5 min 
was 0.8 pm [81]. 

The equilibrium partial pressure Po~ of oxygen for 
solder oxidation at a given temperature can be calcu- 
lated using standard thermodynamic principles [82]: 

/Ac:i-~ 

where AG~-is standard free energy change, R is the gas 
constant, and T is temperature. Using the modified 
Ellingham diagram [82], the partial pressure of  02 
required for oxidation can be either calculated or di- 
rectly read from the diagram. For Sn oxidation at 
300 'C ,  which is the temperature used for melting the 
Au Sn eutectic alloy, this calculation gives 5 × 
10 40 atm, indicating that a very small amount  of 02 
present will cause Sn oxidation. This explains how the 
eutectic alloy oxidized even in an H2-purged furnace. 

3. Principle of multilayer bonding and experimental 
results 

3. I. D i f f u s ion  p roper t i e s  (~f A u  a n d  S n  

On the basis of  the phase diagram information, it is 
seen that all alloys containing 16.7 50a t .%Sn  will 
solidify to form the crystalline structure of  the Au 
compound AusSn (~') mixed with the AuSn (6) com- 
pound. This is the portion that includes the Au Sn 
eutectic alloy. Further on, between 50 and 66.7 at.% Sn, 
the solid phase will be a mixture of  the compounds 
AuSn and AuSm.  From 66.7 to 80 at.% Sn the solidus 
continues at the temperature level of 252 C and ex- 
hibits a mixture of  AuSm and AuSn 4. Finally, the 
solidus between 80 and 100 at.% at 217 ~C has mixtures 
of  AuSn 4 and Sn. Au Sn films that were evaporated 
with different thicknesses of  Au and Sn have been 
shown to form the corresponding compounds given 
above. The compounds were identified by X-ray diffrac- 
tometry after several months of  room temperature in- 
terdiffusion [83]. This has shown that alloys can be 
formed without melting, but by solid state diffusion 
over a period of time. 

Study of diffusion of Au in Sn single crystals revealed 
very rapid Au diffusion [84]. This bulk diffusivity was 
attributed to the interstitial mechanism in which the Au 
atoms enter into the interstitial positions of  the Sn 
lattice. This is apparently in violation of the atomic 
radius rule that would necessitate a substitutional solu- 
tion as described previously. However, the radius of an 
Sn ion in the lattice is considerably smaller than the 

atomic radius, i.e. only 0.59 ,~ [27]. This is only 0.37 of 
the Au atom radius and thus favorable to interstitial 
diffusion in Sn. This diffusion is faster by 3 - 4  orders of  
magnitude than the self-diffusion of Sn [85]. 

The topic of diffusion in A u - S n  film couples which 
consist of  thin Au and Sn layers deposited on different 
substrates has been studied extensively [83, 85 103]. 
Work has been carried out to determine which diffusion 
mechanism is responsible for the intermetallic com- 
pound formation. With the use of  a diffusion marker 
and depth profiling by Rutherford backscattering spec- 
troscopy, it was found that Au diffuses very rapidly 
both interstitially and along the grain boundaries of  Sn 
[97]. Au is transported along the grain boundaries into 
the Sn film, saturating the grain boundaries in the 
process. With smaller Sn grains, there is greater density 
of the grain boundaries and, therefore, faster diffusion. 
This is the reason why Au diffuses faster in thin film 
couples where Sn is evaporated on top of Au [88, 89]. 
Since Au has smaller grains than Sn, i.e. 100-500 ,~ vs. 

1000-5000/~, Sn grown on Au will have a smaller 
grain size and therefore more grain boundaries than Sn 
grown on a substrate [89]. From the grain boundaries, 
Au diffuses into the grains by the interstitial mechanism 
and is included in the grains by the formation of 
intermetallic phases. The diffusion along the grain 
boundary and into the grains is very fast and is actually 
limited by phase formation [99]. The extrapolated 
room temperature diffusion rate of  Au in Sn is 1.9 x 
10 14 cm 2 s I [ 1 0 0 ] .  For low enough temperature, i.e. 

below - 1 5 0  C ,  layers will remain as grown [96]. 
Sn diffusion along Au grain boundaries was also 

found [94, 96, 98], but it is slower than Au diffusion 
along the Sn grain boundaries [97]. The possibility of  
Kirkendall void formation due to grain boundary diffu- 
sivity was also investigated [94, 95]. It was found that 
film thinning occurs around large intermetallic grains 
[951. 

It was found that AuSn compound is the first to form 
in interdiffusion [89, 91 93]. The formation of the 
AuSn phase at the interface is in agreement with the 
Walser and Bene first phase nucleation rule, which 
states that the first compound nucleated in planar bi- 
nary reaction couples annealed at low temperatures is 
the most stable congruently melting compound adjacent 
to the lowest temperature eutectic on the bulk equi- 
librium phase diagram [104]. In the A u - S n  phase dia- 
gram, the only congruently melting phase is AuSn. In 
addition to AuSn, some AuSn4 compound formation at 
the initial stage has also been observed at the beginning 
of interdiffusion [93]. While AuSn formation occurs at 
the interface, AuSn4 occurs within the Sn film and is 
due to fast grain boundary diffusion of  Au into Sn [97, 
99]. Phase formation at later stages of interdiffusion 
involves the decomposition of one of these phases. If 
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there is a high concentration of Au, the AuSn4 phase 
disappears, whereas, if we are dealing with an Sn-rich 
film couple, AuSn eventually consumes all the Sn and 
transforms to AuSn2 and AuSn 4 [93]. The phases 
formed are in accordance with the phase diagram [88]. 
In case of a very Au-rich film couple, formation of the 
AusSn phase has been reported after prolonged inter- 
diffusion at room temperature [83] or on annealing at 
higher temperatures [88, 92, 93]. 

Since AuSn compound formation at the interface was 
found to be a diffusion-controlled planar growth pro- 
cess [92, 96], the kinetics of  phase growth is expressed 
in terms of the width or thickness W of the AuSn layer 
a s  

W = (2Kt) °s 

where t is time and K is the growth rate constant 
[91, 99]. The parabolic time dependence of compound 
formation actually falls somewhat below the t °s power 
law. This is because recrystallization reduces the flux to 
the interface [91]. The growth rate of AuSn at room 
temperature was found to be 3.8 × 10 -15 c m  2 s - I  [99]. 

Compound formation was also noted in the bulk 
A u - S n  film and bulk Sn/Au film couples except that it 
was slower than in film couples [ 102]. In the latter case, 
it was further slowed by the presence of an Sn oxide layer 
[105]. For  thin film layers, if air was let into the vacuum 
chamber after evaporation of the Sn, before the Au layer 
was formed, a layer of Sn oxide was formed also 
preventing diffusion at low temperatures [87]. 

Electrochemical deposition of Sn from boiling HC1 
on Au electrodes was determined to result in the AuSn 
intermetallic compound [ 106]. If deposition was contin- 
ued for longer periods, other intermetallic compounds 
were found to form as well. Various A u - S n  alloys have 
been electrodeposited from cyanide baths and investi- 
gated with X-ray diffraction [107]. Although a linear 
relationship was not found between the Sn content in 
the bath and the Sn content in the alloy formed, a 
relationship was found between the two that allows 
formation of a desired alloy. It was also found that the 
alloy composition of the electrodeposited A u - S n  was 
shifted to the Sn side in comparison with the alloys at 
thermal equilibrium, thus exhibiting the ( phase in the 
25 29 at.% range [107]. 

3.2. Multilayer bonding 
3.2.1. Principle 
A u - S n  film couples have been studied mostly as 

ohmic contacts to semiconductors. They are especially 
used as low resistance ohmic contacts on GaAs. Gener- 
ally, these thin films are few hundreds to a few thou- 
sands of ~ngstr6ms thick, but some studies looked at 
1 gm thick film couples. Here we examine multilayers 
for bonding of semiconductor dice. 

Diffusion bonding is a joining process in which parts 
to be bonded are held together with sufficient pressure 
to allow intimate contact, but not to cause macroscopic 
deformation. Solid state diffusion will then occur form- 
ing a bond between the two surfaces [108]. The parts 
are sometimes heated to a temperature that ensures 
faster interdiffusion. Thermocompression bonding used 
in TAB of very-large-scale integration (VLSI) packages 
is an example of such a process. If the temperature is 
raised high enough for one of the components to melt, 
we have liquid phase bonding. As diffusion in the liquid 
state is about three orders of magnitude faster than in 
the solid state, faster joining with less pressure applied 
is possible with liquid phase bonding. 

Recently A u - S n  multilayers were successfully used 
for the purpose of die bonding. Their use eliminates the 
need for a preform and allows the deposition of the 
bonding layer directly onto the die back side or the 
substrate [20-22]. Sn and Au layers are deposited on 
the GaAs die as shown in Fig. 3. This is done in 
succession in vacuum to prevent tin oxidation at the 
A u - S n  interface. This will allow interdiffusion between 
the two layers. Since the evaporated layers are made in 
a proportion that is lacking Au to form the A u - S n  
eutectic, interdiffusion will continue with the joined 
layer of Au. Provided that enough pressure is applied to 
allow intimate contact between the surfaces and that 
the temperature is above the melting temperature of Sn, 
i.e. 232 °C, solid liquid interdiffusion (SLID) will oc- 
cur [109]. When Sn melts, it will wet the adjacent Au 
areas forming A u - S n  alloys and liquid and solid com- 
ponents will interdiffuse. If the temperature is kept 
above 309 °C, the melting point of the solid solution of 
6 and e, SLID will continue to occur until a uniform 
layer is obtained. If, on the contrary, the temperature is 
above 232 ~C, but below the eutectic point of 280 °C, 
liquid phase interdiffusion will stop when e or q is 
formed (depending on whether the temperature is 
above or below 252 °C). When the liquid component 
takes in more Au, it will solidify and then solid state 

Device Die 

I .~ Chromium (Cr) 
Gold (Au) 
Tin (Sn) 
Gold (Au) 

I ~ Gold (Au) 
Chromium (Cr) 

Alumina Substrate 

Fig. 3. Multilayer Au Sn composite structure used for die bonding 
(not  to scale). 
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diffusion with the remaining Au layer will occur. This 
will take a longer period of time to complete since solid 
state diffusion is slower. 

3.2.2. Experimental procedure and results 
The polished side of  a 380 pm thick GaAs wafer was 

deposited with the C r - A u - S n  Au composite structure 
depicted in Fig. 3. The thicknesses of  the four layers in 
the composite are 0.03pm, 0.5~tm, 2.251am and 
0.75 gm respectively. The surface of the composite is 
very smooth with a peak roughness less than 0.15 pro. 
I f  this composite forms a uniform alloy, it would have 
47 at.% Au. After the deposition, the wafer was cleaved 
into dice 4 mm × 4 mm in size. The substrate used for 
bonding is 250 gm thick alumina coated with 0.03 pm 
of Cr and 6.4 t-tm of Au. The Au layer was produced by 
sputtering and has an average grain size of  about 2 lam. 
As a result, its surface is not very smooth and has a 
peak roughness of  0.41am. If  the Au layer on the 
substrate and the composite on the GaAs die form a 
uniform A u - S n  alloy, the alloy would have 84 at.% of 
Au, which is more than what is needed to result in the 
A u - S n  eutectic alloy. 

The substrates were laid on a graphite boat and the 
dice were placed on the substrates. To ensure good 
contact between the dice and the substrates, the dice 
were held down with 0.276 MPa (40 lbf in  -2) of  static 
pressure using a mechanical tool. The boat assembly 
was then loaded into a furnace with a flow of H 2. The 
furnace temperature was raised to 310 °C in 8 min and 
stayed between 310 °C and 320 °C for another 5 min. 
Afterwards, the boat was pulled out and cooled down 
to room temperature in 20 min. High quality bondings 
were consistently obtained. 

Figure 4 shows the cross-section of the bonding layer 
for the die attach carried out at 320 ~)C. The 8.6 pm 
thickness is less than the total thickness of  the original 
layers of  9.9 lam. This is consistent with the volume 
contraction that the compound formation represents. 

GaAs 

Bonding Layer 

Alumina 

Fig. 4. Scanning electron microscopy (SEM) image of a cross-section 
of the bonding layer formed by multilayer bonding performed at 
320 'C. 
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Fig. 5. EDX measurement results along two different traces across 
the bonding layer given in Fig. 4. 

The bonding layer thickness is much less than for the 
normal die attach achieved with scrubbing (50 lam). 
This is of  special concern with via hole die attach where 
any solder in the via hole can cause die breakage-due to 
differential thermal expansion [21]. 

Results of  energy-dispersive X-ray (EDX) analysis 
given in Fig. 5 indicate that Au and Sn composition 
across the bond are relatively uniform, with the Au 
concentration being 75-84 at.%, somewhat above the 
71 at.% of the eutectic. This is consistent with the 
design of the multilayer composite with 84 at.% Au and 
shows that liquid phase bonding resulted in a fairly 
homogeneous alloy. 

Die bonding was also performed at temperatures 
below the eutectic temperature. This involves solid state 
diffusion after enough Au is dissolved by the molten Sn 
to form a solid phase. Bonding was performed with the 
same structure as above but the C r - A u  Sn Au com- 
posite thicknesses were 0.07 pm, 0.07 pm, 3.26 pm and 
0.19 pro, giving a structure with 11 at.% Au. Together 
with the Au on the alumina this gives 76 at.% Au. This 
was then put together as described above with 
0 .276MPa (401bfin 2), but held at only 240"C for 
20 min [ 110]. Since this is a temperature lower than the 
melting point of  v/, solid state diffusion is necessary to 
complete the bonding. Figure 6 exhibits the cross-sec- 
tion of the bond so obtained. The thickness of  the bond 
is 9.2 lam, compared with 9.5 lam of the original layers, 
indicating a smaller volume contraction than above. 

EDX data on the cross-section, given in Fig. 7, show 
that there are two layers, one close to the alumina with 
more than 90 at.% Au and the other beneath the die 
with around 55 at.°/,, Au. Since the original composite 
would only give 11 at.% Au, liquid phase diffusion will 
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GaAs 

285 

Bonding Layer 

Alumina 

Fig. 6. SEM image of  a cross-section of  the bonding layer formed by 
multilayer bonding carried out at 240 ~'C. 

=o 

E 

1 0 0  

8 0  ¸ 

6 0  

4 0  

2 0  

Gold 

m 

m 

"fin 

8 

, ,  , , , , , , i  . . . . .  , , , , i , , , , ,  . . . .  i , , , , ,  . . . .  i . . . . .  

2 4 6 8 

Position in bonding layer 
measured from substrate top surface (l~m) 

Fig. 7. EDX measurement results along two different traces across 
the bonding layer given in Fig. 6. 

continue until the formation and solidification of 
AuSn 4. After the alloy has reached a composition with 
20 at.% Au, solid state interdiffusion is necessary for the 
remainder of  the Au to form the Au-rich alloy near the 
die back side. The solid state diffusion will proceed to 
form the AuSn compound and with further addition of 
Au to form the near-eutectic alloy. Even though the 
bonding layer is not uniform across the whole cross-sec- 
tion as in liquid phase bonding, bonds were shown to 
be excellent in strength. 

To examine the quality of  the bonding, transmission 
scanning acoustic microscopy (SAM) was used to ob- 
tain an image of the specimens [111]. Operating at a 
frequency of 130 mHz,  the scanning acoustic micro- 
scope has a spatial resolution of 25 Hm. The quality of  
bondings determined by the SAM images has been 
determined to correlate well with their shear strength 
[4]. Figure 8(a) exhibits the SAM image of a 
2 mm x 3 mm GaAs  die bonded at 240 °C, indicating a 

(a) 

(b) 

Fig. 8. (a) SAM image of a GaAs die perfectly bonded to an alumina 
substrate using Au Sn multilayer bonding performed at 240 'C. (b) 
SAM image of same specimen as in (a) after post-processing at 
250 "C for 20 minutes. 

near-perfect bonding. Dark  areas in the image indicate 
voids or defects. No voids larger than 25 [am are de- 
tected. The bonding was further tested by post-process- 
ing at a temperature of  250 ~C, with no detrimental 
effects as seen in Fig. 8(b). This indicates that bonds 
can be made at a low temperature and subsequently 
withstand higher temperature use [109]. 

4. Conclusions 

A u - S n  eutectic alloy is very useful as a bonding and 
sealing medium in microelectronic packaging. As a 
hard solder with a relatively low melting temperature of  
280 °C, it has an advantage over other eutectic alloys. 
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Study of the phase diagram and of the phases formed 
indicates the possibility of multilayer diffusion bonding. 

Segregation of  Sn to the surface of the Au-rich 
alloys, caused by its smaller surface free energy, creates 
an Sn-rich surface layer. Its subsequent oxidation even 
in presence of a very small amount of  02 is a major 
problem for the preform bonding process. This can be 
overcome with applied pressure to break up the surface 
layer. 

Interdiffusion studies have revealed the formation of 
an AuSn compound at the interface. Thermodynamic 
measurements show that this compound has very 
strong bonds and that similar strong bonding is exhib- 
ited in liquid alloys containing nearly eutectic 
25 at.% Sn. Formation of AuSn as a result of  solid state 
diffusion is followed by formation of other phases in 
proportion to the material in the layers. 

Pre-evaporated layers of Au and Sn that give a 
combined near-eutectic composition have been de- 
posited on the semiconductor die. Interdiffusion was 
demonstrated successfully even at the relatively thick 
l0 pm combined layer structure. This was then used as 
a bonding medium replacing the conventional alloy 
preform and producing excellent die attach as seen by 
the scanning acoustic microscope. In addition to offer- 
ing a lower bonding temperature of 240 °C for sensitive 
laser diode chips, multilayer bonding can be used to 
control precisely the thickness of the bonding layer. 
This allows for new possible applications of A u - S n  in 
bonding different materials. 
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