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Wafer-level solid liquid interdiffusion (SLID) bonding, also known as transient
liquid-phase bonding, is becoming an increasingly attractive method for
industrial usage since it can provide simultaneous formation of electrical
interconnections and hermetic encapsulation for microelectromechanical sys-
tems. Additionally, SLID is utilized in die-attach bonding for electronic power
components. In order to ensure the functionality and reliability of the devices,
a fundamental understanding of the formation and evolution of interconnec-
tion microstructures, as well as global and local stresses, is of utmost impor-
tance. In this work a low-temperature Cu-In-Sn based SLID bonding process
is presented. It was discovered that by introducing In to the traditional Cu-Sn
metallurgy as an additional alloying element, it is possible to significantly
decrease the bonding temperature. Decreasing the bonding temperature re-
sults in lower CTE induced global residual stresses. However, there are still
several open issues to be studied regarding the effects of dissolved In on the
physical properties of the Cu-Sn intermetallics. Additionally, partially
metastable microstructures were observed in bonded samples that did not
significantly evolve during thermal annealing. This indicates the Cu-In-Sn

SLID bond microstructure is extremely stable.

Key words: Low-temperature SLID bonding, TLP bonding,
Cu-In-Sn system, reliability

INTRODUCTION

Functional structures used in microelectrome-
chanical systems (MEMS/MOEMS) must be electri-
cally connected and hermetically encapsulated.
Wafer-level bonding though 3D-integration enables
multi-sensor fusion with logic in a vertical high-
speed package. Solid liquid interdiffusion (SLID)
bonding, also known as transient liquid-phase
(TLP) bonding, is becoming an increasingly attrac-
tive method for wafer level packaging of MEMS/
MOEMS devices.'® SLID bonding offers several
technological advantages for the development of
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reliable wafer-level packaging. These advantages
include lower bonding temperature by utilizing a
low melting point metal that ultimately results in a
bond with a much higher re-melting temperature,
large reduction of the required bonding footprint,
integrated hermeticity and, integration of vertical
electrical interconnects using through silicon vias
(TSVs). The low (T < 350°C) bonding temperatures
enable packaging of temperature sensitive materi-
als, and minimize residual stresses when bonding
materials with different thermomechanical proper-
ties, such as the coefficient of thermal expansion
(CTE) (e.g. glass or germanium windows to optical
Si MEMS devices, or large dies to ceramic sub-
strates in power electronic applications).

The formation of the bond in the SLID process
occurs in four consecutive stages: (1) melting of the
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low-melting temperature metal (i.e. Sn or In), (2)
rapid dissolution of the high melting temperature
metal (i.e. Ag, Au, Cu, Co or Ni), (3) intermetallic
compounds (IMCs) formation that leads to isother-
mal solidification and (4) homogenization of the
interconnection structure. Au-Sn and Cu-Sn based
metallurgies are the most commonly utilized mate-
rial options for SLID out of the several different
demonstrated binary systems; Ag-ln,e_8 Au-In 3914
Cu-In,’® Ag-Sn,'® Ni-Sn,>'%2%° Au-Sn?'?® and
Cu-Sn.”?**® Au-Sn and Cu-Sn systems have been
demonstrated to form mechanically and chemically
reliable bonds at bonding temperatures close to
300°C.?*~*2 However, there is only a limited amount
of information available on ternary and higher order
SLID systems that can provide additional benefits,
such as even lower processing temperatures or
enhanced physical properties for higher functional
performance and long-term reliability. Due to its
low melting temperature (T = 156.6°C) and known
compatibility with the commonly used metalliza-
tions in electronics, indium has been widely utilized
in low-temperature lead free solders.**** Therefore,
it can be considered as a potential additive element
for Cu-Sn based SLID metallurgy, but the actual
effects on the mechanical reliability performance
must be studied in detail.

The objective of this study is to investigate the
novel Cu-In-Sn based metallurgy for low-tempera-
ture SLID bonding. Moreover, the formation and
evolution of microstructures is examined by utiliz-
ing thermodynamic calculations.**~*" The stabiliz-
ing effect (i.e. the higher (more negative) value for
Gibbs energy of formation) of In on Cu-Sn IMCs of
CugSns and CusSn is analysed and the effects on
chemical potentials and driving forces diffusion are
discussed.*5*7

MATERIALS AND METHODS

The SLID bonding experiments were carried out
using 4” double side polished (DSP) Si wafers with a
(100) crystal orientation. The backsides of the
wafers were patterned using a standard lithography
process and the Si was etched using reactive ion
etching (RIE). A 30 nm TiW barrier/adhesion layer
followed by a Cu seed-layer of 150 nm was sputtered
on the frontside of all wafers. A standard lithogra-
phy process was utilized for the patterning of micro-
bumps with dimensions ranging from 10 ym x 10
um up to 250 um x 250 ym. Subsequently, a tar-
geted thickness of 4 ym of Cu, 2 ym of Sn and 2 ym
of In was electrochemically deposited on both wa-
fers. Then the photoresist was stripped, and the
field metallization layers were etched by means of
wet chemistry. Low temperature bonding experi-
ments (see Fig. 1) were conducted using different
bonding temperatures (200°C and 250°C) for a fixed
time of 1 h and a fixed pressure of 18 MPa. Wafers
were placed into the AML-AWB-04 wafer bon-
der and rough aligned at ambient temperature

and pressure. The bonding chamber was pumped
down and then preheated to 75°C (Ty) before
carrying out fine alignment. Contact was made
after alignment and then the desired bonding
pressure of 18 MPa (Pg) was applied. A controlled
heating of cycle of 20°C/s was initiated until the
desired bonding temperature was obtained. The
wafers were held at the target bonding temperature
(Tg) and pressure for 60 min (¢, — ¢.). After the
bonding time had expired the heaters were switched
off and the bonding pressure was released. The
wafers were allowed to cool for approximately 1 h
until they had reached about 150°C temperature
before venting the bonding chamber and removing
the bonded wafer pair. Dicing of the bonded wafers
was conducted using a Disco DAD3220 dicing saw.

The high temperature storage (HTS) aging test at
150°C was conducted with a Heraeus Instruments
oven for up to 1000 h for the diced chips. For the
microstructural analysis, samples were cross-sec-
tioned with standard metallographic methods.
JEOL JSM-6330F field emission scanning electron
microscope (SEM) with back-scattered electrons
detector (BSE) and Oxford Instruments INCA X-
sight energy-dispersive x-ray spectroscopy (EDX)
equipment were used for the detailed microstruc-
tural analysis. The composition of phases was
determined by averaging measurements from a
minimum of 5 different locations with EDX.

The thermodynamic description of Cu-In-Sn has
been critically optimized in Ref.45 by performing
thermodynamic modelling and experimental inves-
tigations on the phase equilibria. In this work, the
thermodynamic parameters of Cu-In-Sn are accord-
ing to the work of Liu et al. Ref.45 The relevant
phase diagrams and thermodynamic properties
were calculated by using the Poly calculation mod-
ule packaged in the Thermo-Calc software
package.*®

RESULTS AND DISCUSSION

e Indium as a low melting point metal (T, =
156.6°C) ha as significant stabilizing effect on
the liquid phase in a Cu-Sn system. On the other
hand, In also dissolves in Cu-Sn intermetallics
and, thus, increases their thermal stability.
These effects are illustrated in Fig. 2, where a
vertical section (see Fig. 2b) along the expected
contact line (CL) (see Fig. 2a) from 50Sn50In
(at.%) to Cu is presented. It is known that the
local nominal composition (LNC), i.e. the aver-
age chemical composition of the reaction zone,
follows the contact line. The melting tempera-
ture of the bond as a function of Cu content is
highlighted in Fig. 1b with a dotted line. It is
obvious that a liquid phase is present at the
ternary eutectic temperature (7' = 110°C) when
the LNC of Cu is less than 55 at.%. However, the
melting temperature increases rapidly up to
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Fig. 1. (a) Micro-bump structure from one side before bonding, (b) bonding profile.
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Fig. 2. (a) Cu-In-Sn 250°C isothermal section with superimposed dashed contact-line, (b) vertical section from 50Sn50In (at.%) to pure Cu, (c)
enlarged area from eutectic point in binary Cu-Sn phase diagram, and (d) corresponding area from ternary Cu-In-Sn system.

600°C when the Cu content exceeds 60 at.%. fied image from the eutectic point in a binary Cu-

Therefore, by incorporating In as a ternary
alloying element into a Cu-Sn binary system,
both lower bonding and higher re-melting tem-
peratures can be obtained. The drastically
enlarged bonding process window is highlighted
with light-blue in Fig. 2c¢ and d, where a magni-

Sn system is compared to that of a ternary Cu-
In-Sn system. As shown by the green dotted
lines, the solubility of Cu into the liquid phase
doubles when In is added to the system. On the
other hand, the same Cu solubility may be
obtained under significantly (> 50°C) lower
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bonding temperatures. The solubility of Cu in
liquid is an essential parameter affecting the
reaction kinetics to be modified, as it defines the
dissolution rate and, therefore, the initial for-
mation of the intermetallics, which in turn
controls the total duration of the bonding pro-
cess.

Figure 3 shows the interconnection microstructures
after bonding at temperatures of 250°C and 200°C
for 1 h. In Fig. 4 the corresponding microstructures
are presented after subsequent annealing at 150°C
for 1000 h. As can be seen from the Fig. 3, the total
thickness of the bond, i.e. residual Cu and IMC
layers, is about 10 um, and the thickness of the IMC
layers is about 3 um after both bonding processes.
When comparing these values to initial target
thicknesses, it is obvious that some squeeze-out
has occurred. However, no residual Sn or In was
observed. After bonding at 250°C for 1 h, the IMC
microstructure was mainly composed of Cus(Sn,In)
phase with the average composition of Cu74.6 Sn
14.7 In 10.7+£ 0.5 at.%. In addition, some

Cug(Sn,In)s phase with the average composition of
Cub54.1 Sn 23.2 In 22.7 £+ 0.5 at.% was also detected
in the middle part of the bond. Nevertheless, it is to
be noted that the Sn to In ratio can’t be unambigu-
ously defined due to the resolution limitations of the
EDS method. On the other hand, the 200°C bond
microstructure is composed mainly of a Cug(Sn,In)s
phase with the average composition of Cu54.0 Sn
24.0 In 22.0 £ 0.5 at.%. Additionally, a very thin
layer of presumably Cusz(Sn,In) phase with some
voids can be seen at the interface between Cug(S-
n,In); and Cu. Interestingly, it seems that the as-
bonded microstructure is extremely stable and only
minor changes can be observed, even after extensive
solid state annealing (see Fig.4). Some local
Cug(Sn,In)s precipitates can still be detected from
the sample that was bonded at 250°C and annealed
at 150°C for 1000 h. Additionally, in the sample that
was originally bonded at 200C and then annealed at
150°C for 1000 h the thickness of the Cu3(Sn,In) is
still clearly below 0.5 um.

In order to understand the observed microstruc-
tures, the diffusion path concept can be used. The
isothermal section from the Cu-Sn-In system at
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Fig. 3. As-bonded microstructures from (a) 250°C and (b) 200°C.
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Fig. 4. Microstructures after initial bonding (a) at 250°C and (b) at 200°C for 1 h, and subsequently annealing at 150°C for 1000 h.
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250°C is presented in Fig. 5 with superimposed
contact line and estimated diffusion path, which
obeys the mass balance. Based on the microstruc-
ture, it can be concluded that the local nominal
composition of the bond is clearly above 60 at.% Cu,
i.e. the expected melting temperature of the bond
is > 600°C. The isothermal section at 200°C is
almost identical to that of 250°C, with the exception
of a slightly smaller liquid phase area, and therefore
it is not presented here.

Based on the assessed thermodynamic data from
the Cu-In-Sn system it is possible to analyse the
effects of In addition on the stabilities of Cu-Sn

Diffusion path
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Fig. 5. Isothermal section from Cu-Sn-In system at 250°C, with
superimposed dashed contact line (CL) and dotted diffusion path.
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intermetallics, chemical potentials at different
stable or metastable local equilibria, and thus the
driving forces for diffusion and subsequent chemical
reactions. The Gibbs energies at 250°C of pure
CugSns and CusSn phases, together with to those of
ternary ones Cug(Sn,In)s and Cusz(Sn,In), as well as
binary and ternary liquid phases, are presented in
Fig. 6. Note that the tie-lines in the ternary system
may not be in the vertical section, therefore, the
Gibbs energy values, used in Fig. 6 for illustrative
purposes, are taken from the corresponding local
equilibria and the IMCs are marked according to
local equilibria Gibbs energy values. The equivalent
chemical potentials at the binary Cu-Sn and ternary
Cu-In-Sn systems are shown in Table I. These
values were calculated by using the solid-state
stabile structures as reference states e.g. Fcc for
Cu, Bct for Sn and Tetra for In.

Based on Fig. 6 and Table I it is obvious that
indium has a much stronger relative stabilizing
effect on the CugSns phase than on the CuzSn
phase. With the observed amount of dissolved
indium in these IMCs, the Gibbs energy of forma-
tion for CugSns phase has increased much more
(~ 50%) than that of the CuzSn phase (~ 10%).
Hence, the driving force (i.e. chemical potential
difference) for Cu atoms to diffuse through the IMC
reaction layers is drastically reduced when indium
is added to the system. For example, the dotted and
dash-dotted lines in Fig. 6 indicate the local CusSn-
CugSn; phase equilibria in binary and ternary
systems, respectively. Based on these it is evident
that the chemical potential difference from pure Cu
to this interface is, in Dbinary system
(AuL, = 9700J/mol) , almost three times as large

as in ternary system (Apf, = 3510J/mol). Similar

10000 —
G(Cu6(In,Sn)S5) of Cu6Sn5/Liq is -10787 J/mol <> * Binary Cu6Sn5 = -7150 J/mol Binar
G(Cu6(In,Sn)S) of Cu6SnS/Cu3Sn is -10640 Jmol X -
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Fig. 6. Gibbs energy diagram from Cu-In-Sn system at 250°C along the contact line shown in Fig. 5 with superimposed liquid [Liquid(Cu,Sn)]
curve from the binary Cu-Sn system. It is to be noted that the actual Gibbs energy values are calculated according to the local equilibria i.e. the tie
lines representing the observed diffusion path. The In containing Cug(Sn,In)s has two values, one when it is in local equilibrium with liquid phase
and the other when it is in local equilibrium with Cus(Sn,In). The dotted and dash-dotted lines represent the local equilibria (common tangent
construction) in binary and ternary systems, respectively. The other phases, which were not observed, were omitted from the figure.
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Table I. Chemical potentials for Cu, In and Sn at different local equilibria in binary (Bin) Cu-Sn and ternary

(Ter) Cu-In-Sn systems (J/mol)

250°C FCC-CU41S1’111

CU41SD11-CU3SD

pgin — 32450 (Fce-CusSn)

e ~ 39120 ~ 33790

Bin — 250 (Fee-CusSn)
Ter — 76

(e ~ 33880

Fce-CuySnqy
Bin — 32650 (Fce-CusSn)
Ter — 39080 — 31920
Bin — 170 (Fee-CusSn)
Ter — 45
’uTer — 35520
n
Fece-Cuy1Snyg
Bin — 32800 (Fce-CusSn)
Ter — 39000 — 30460
Bin — 110 (Fee-CugSn)
Ter — 24
H’II‘:r —_ 37110

— 1540
— 28320

— 2040
— 27750

— 2550
— 26510

CU4181’111-CU3SH

Cu415n11-Cu3Sn

Cu3Sn-Cu3Sn5 CuGSn5-Liquid

— 3370 — 350

— 23040 — 3860

— 9950 — 12460

— 5050 — 15430

— 18110 — 4670
Cugsn-CuGSns CuBSng,-Liquid/Bct

— 3370 0

— 23050 — 2680

— 9930 — 12740

— 5040 — 16440

— 18540 — 3910
CuzSn-CugSnj CugSn;-Liquid/Bet

— 3360 0

— 23110 — 1610

— 9920 — 12730

— 5000 — 17480

— 19170 — 3110

effects over the CuszSn phase can also be seen with
the respect to the chemical potential for Sn. Note
that in the ternary system the diffusion of indium
also plays a role in the reactions, as it is occupying
the same sublattice with Sn in the Cu-Sn IMCs.
Based on these significant effects of indium on the
chemical potentials of Sn and Cu, it is not surprising
that the as-bonded microstructures in the ternary
Cu-In-Sn system seem to be much more stable than
those in the binary Cu-Sn system. This effect is also
seen at the metastable Cu-Cus(Sn,In) interface,
where CuySn;; does not nucleate or grow to
observable thickness, even after extensive solid
state annealing.

CONCLUSION

In this work, it has been experimentally demon-
strated that by introducing In to the Cu-Sn metal-
lurgy as an alloying element, it is possible to
decrease the SLID bonding temperatures down to
200°C and achieve microstructurally stabile inter-
connections that have a re-melting temperature
above 600°C. The low bonding temperatures and
reasonable processing times make the Cu-In-Sn
based LT-SLID process attractive to many wafer-
level bonding applications. Moreover, it would
provide solutions that would not suffer from the
CTE mismatch-induced residual stresses of tradi-
tional higher temperature wafer-level bonding
methods. Additionally, based the assessed thermo-
dynamic data, it was found that Indium stabilizes
the liquid and CugSns phases much more that the
CusSn phase. Therefore, the driving force @.e.
chemical potential difference) for Cu to diffuse
through the Cu3Sn phase is drastically reduced,

hindering microstructural evolution. This, in turn
provides high potential for enhanced long-term
reliability for the interconnections; however, addi-
tional studies for mechanical reliability perfor-
mance and defect formation are still required.
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