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Widely used electronic components and optical materials are made up of a va-
riety of inorganic materials, such as nitrides, carbides, oxides, sulfides, fluo-
rides, selenides, diamond, silicon, and GaAs. The surfaces of these materials
are known to be very difficult to bond with low-melting-point solders. A direct
and powerful bonding on these surfaces has been obtained in air, without
using any flux, by using low-temperature solders containing rare earth (RE)
alloying elements. The nature of the bonding is based on chemical reactions at
the interface, and hence, strong bonds are obtained. The Sn-3.5%Ag-2.5%Lu
(by weight) solder and the Au-19.5%Sn-2%Lu solder, for example, exhibit in-
terfacial-bond strengths in excess of 6.9-13.8 MPa. They can be useful for pro-
viding direct, ohmic-electrical contacts and interconnects in a variety of elec-
tronic assemblies and for producing dimensionally stable and reliable bonding
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in optical fiber, laser devices, or thermal-management assemblies.
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INTRODUCTION

For construction of modern electronic and optical
devices, such as computers and telecommunication
systems, a reliable bonding of dissimilar materials
is often one of the essential fabrication steps. Elec-
tronic devices generally contain base-semiconductor
materials (such as Si, GaAs, SiC, and doped dia-
mond), diffusion barriers (such as TiN and TaN), di-
electrics (such as SiO,, Ta,05, and SigNy), electrical
conductors (such as Al, W, Cu, and CoSi,), as well as
heat-sink materials (such as Al, AIN, and diamond).
A variety of electrical paths, lead-wire contact
bonds, and mechanical bondings are made at differ-
ent packaging levels.! Telecommunication optical
fibers need to be bonded on an assembly substrate
with submicron accuracy and stability in alignment
with respect to lasers and other optoelectronic com-
ponents to ensure and maximize optical-signal
transmission.?

For convenience and simplicity of device assembly
as well as for reliability and a broadened design ca-
pability, it is desirable to find a way of achieving a
direct and strong bonding onto these electronic, opti-
cal, thermal, and other inorganic materials. The sur-
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faces of nitrides, carbides, oxides, sulfides, fluorides,
selenides, diamonds, silicon, and GaAs are known to
be very difficult to bond with solders. A direct and
powerful bonding on these surfaces has been
achieved by using low-temperature solders contain-
ing rare earth (RE) alloying elements. The new sol-
ders are universal in that they bond to essentially
all inorganic surfaces.? In this paper, the character-
istics of the universal solders and their potential ap-
plications in bonding of various optical and elec-
tronic devices will be described.

EXPERIMENTAL PROCEDURES

Two lead-free solders, Au-20wt.%Sn eutectic sol-
der (melting point: T,, = ~278°C) and Sn-3.5wt.%Ag
eutectic solder (T,, = ~221°C) have been selected
and doped with 2—-2.5 wt.% of a RE element, such as
lutetium (Lu), erbium (Er), or cerium (Ce). The syn-
thesis of the RE-containing solder was carried out
by melting the component metals inside a quartz
tube in a vacuum at ~107° torr.

The melting temperatures of the RE-containing
ternary alloys were determined to be close to those
of the binary alloys without RE by differential scan-
ning calorimetry (DSC). For solder bonding, various
substrates were heated on a hot plate to a tempera-
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ture typically about 50-80°C above the solder melt-
ing points. A hand-soldering operation was carried
out by tacking a small ~1-mm? piece of solder with
the tip of the soldering gun and applying it onto the
substrate surface in air for 1-5 sec. The use of an
inert-gas atmosphere was not a necessary condition
for strong bonding. A 0.5-mm-diameter nickel or
copper wire was also bonded onto the same solder
joint in parallel with the substrate surface for the
purpose of a shear pull test to determine the bond-
interface strength.

RESULTS AND DISCUSSION

As indicated in Tables I and II, the RE-containing
solders produce powerful bonding to various elec-
tronic materials and optical materials. The shear
stress for fracture was typically in excess of 6.9 MPa
(~1000 psi). We have also used other RE elements,
such as Er and Ce, instead of Lu in some of our uni-
versal solders. These solders also produced bond
strengths comparable to those obtained by the Lu-
containing solders. The universal solders directly
bonded to semiconductors provide desirable ohmic
contacts with relatively low contact resistance, as il-
lustrated in Fig. 1. Four-point and three-point meas-
urement configurations? were used to evaluate the
contact-resistance properties. Further optimization
of solder materials and bonding procedures may
lead to further improved contact-resistance behav-
ior.

To understand the behavior of the universal sol-
der and the underlying mechanism of the observed
strong bond onto the typically solder-nonwettable
surfaces, cross-sectional microstructure and compo-

sitional analyses by energy dispersive x-ray analysis
(EDXA) were carried out. Figure 2a—d show the mi-
crostructures of the Sn-3.5%Ag-2%Lu and Au-
19.5%Sn-2%Lu solder bonds on GaN, Si, GaAs, and
Si0,y, respectively. It is seen that the interface be-
tween the solder and the substrate is smooth and
flat. Extensive EDXA indicates that within the reso-
lution of the EDXA, the RE Lu is essentially nonde-
tectable in the Sn-Ag eutectic-solder matrix but is
present primarily in the rectangular-shaped inter-
metallic islands® of Sn;Lu (marked A in Fig. 2a, c,
and d), or Au,Lu (marked B in Fig. 2b) with an aver-
age size of ~3 pm. The fact that the RE atoms are
desirably trapped in the solder as fine, micron-sized
islands ensures a safe storage of the reactive RE el-
ements within the solder matrix before use. A small
size of the islands is desirable as the required diffu-
sion distance for the movement of the RE element
from the dissolving intermetallic islands toward the
interface (and, hence, the needed soldering time) for
chemical-bonding reaction is reduced. Transmission
electron microscopy (TEM) and TEM EDXA (Fig. 3)
indicate the presence of a layer of Lu oxide as thick
as a few nanometers at the interface between the
universal solder and the quartz substrate and the
concentration of the RE element at the interface.
Therefore, the bonding mechanism for the universal
solder, for example, on SiO,, is believed to be the dif-
fusion of RE in the molten solder toward the inter-
face and the chemical interaction of RE reducing the
Si0,. The formation of chemically more stable com-
pounds of RE-carbide, -nitride, -oxide, -fluoride, -sul-
fide, and so on is thermodynamically favorable,®” as
the heat of formation (—AHy) of RE compounds

Table I. Bond Strengths” (in MPa) of Universal Solders on Electronic Materials

Solders Sn-Ag

Substrates
Semiconductors
Si
GaAs
GaN
Diamond
SiC
Diffusion barriers
TiN
TaN
Dielectrics
SisNy
Ta205
Al,O4
Si0,
Metallizations
Al
CoSiy
Heat sinks
Diamond 0
AIN 0
SiC 0

[ NN N} [e>N ) [N N NN

(e e)

Sn-Ag-Lu Au-Sn Au-Sn-Lu
>11.04 0 —
>8.11 0 —
>14.08 0 —
>14.5 0 1.4
>17.80 0 >17.04
21.11 0 3.73
2.21 0 >10.56
>12.21 — —
5.59 — —
>11.52 0 >13.11
>7.04 0 >17.94
>21.15 — >14.50
>13.39 — —
>14.5 — —
9.66 — —
>17.80 0 >17.04

“Bond strengths in shear stress parallel to the interface.
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Table II. Bond Strengths” (in MPa) of Universal Solders on Optical and Other Materials

Solders Sn-Ag Sn-Ag-Lu Au-Sn Au-Sn-Lu

Substrates

Optical materials
Optical fiber 0 >16.60 0 17.25
LiNbOs; (z cut) 0 >11.87 — —
ZnS (110) 0 >11.66 — —
ZnSe (001) 0 >11.18 — —
MgF, 0 >18.36 — —
CaF, (100) 0 >7.45 — —
YAG (001) 0 >13.35 — —

Other materials
YSZ (100) 0 >14.08 — —
SrTiO; (100) 0 >9.45 — —
Stainless steel 0 15.02 — >18.90
Ti 0 2.49 — >7.59
NiTi (shape memory) 0 4.45 — —
TiC 0 4.83 0 4.45

“Bond strengths in shear stress parallel to the interface.
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Fig. 1. The contact-resistance measurement for the universal sol-
der/substrate interface: (a) solder bond and measurement configu-
ration and (b) |-V curves through the interface.

tends to be greater (more negative) than those for
most of the non-RE metal carbides, nitrides, oxides,
fluorides, and sulfides.

In addition to the excellent bonding on semicon-
ductors, the universal solders also bond well on the
surfaces of various other electronic materials in-
cluding diffusion barriers (TiN and TaN), dielectric
layers (SizNy, Ta,05, SiO,, and Al,Oj3), metalliza-
tions (Al and CoSiy), and heat-sink materials (dia-
mond, AIN, SiC, and Al), as shown in Table I. Dia-
mond is one of the most stable materials because of

the strong atomic bonding involved. Diamond has
the highest thermal conductivity of all known mate-
rials,®? about five times better than the best metal-
lic conductors, such as copper. Low-cost, large-area
chemical-vapor-deposition diamonds offer great
promise for fast heat removal, especially with the
recent trend of higher and higher density of elec-
tronic circuits in modern electronic devices where
more heat needs to be dissipated. To the best of our
knowledge, a direct, low-temperature bonding of di-
amond in the ~250-350°C regime, such as pre-
sented here, has never been reported previously. Me-
chanically and thermally reliable bonding of a
heat-sink material, such as diamond, is an issue.
The bond between diamond and adjacent materials
is crucially important for the flow of heat across the
boundary. Because solders generally do not wet and
bond to the diamond surface, multilayer metalliza-
tions, such as Ti/Pt/Au are often added to make the
diamond surface solderable.!’ Relatively easy at-
tachment of heat-sink components, such as diamond
wafer, AIN, or SiC, using a low-temperature, me-
chanically ductile universal solder, such as Sn-Ag-
Lu, can be useful in a variety of assembly processes
for electronic packages. Using this approach, a pow-
erful bonding is produced at temperature ranges
safe for semiconductor devices and without incorpo-
rating metallization layers or high-temperature
braze materials.

The universal solders may also be useful for se-
curing reliable and convenient, low-temperature
hermetic sealing using the bare surfaces of semicon-
ductors, oxides, nitrides, or metals, thus avoiding or
minimizing the fabrication and reliability complica-
tions associated with additional metallization lay-
ers, which are normally required on solder nonwet-
ting surfaces in hermetic packaging. Hermetic
sealing is very important for the reliable packaging
of high-performance electronic devices or some of
the emergent microelectromechanical-systems (MEMS)
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Fig. 2. The cross-sectional microstructure of (a) Sn-Ag-Lu on GaN, (b) Au-Sn-Lu on Si, (c) Sn-Ag-Lu on GaAs, and (d) Sn-Ag-Lu on SiO..
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Fig. 3. (a) A high-resolution TEM micrograph showing the nanometer-scale bonding layer at the solder-quartz interface. (b) An EDX nanoprobe
spectra of the Lu peak as the 1-2-nm-sized probe moves across the interface from solder (position 1) to quartz (position 7).

devices. The universal solder may also be useful for ing movable, optically-reflecting MEMS membrane
assembly of MEMS devices, for example, for flip-chip mirrors) to an actuation layer (such as a silicon
bonding of a moving part layer (such as a litho- wafer containing electrostatically actuating circuits

graphically fabricated, an SOI silicon wafer contain- for mirror movement). For the flip-chip bonding of
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silicon and silicon oxide, as shown in Fig. 4a, univer-
sal solder can make the deposition of under-bump
metallization layers unnecessary. In Fig. 4b, an ex-
ample of hermetically sealing a MEMS device, using
the universal solder, is schematically illustrated.
The ability of the universal solder to directly bond to
both Si and SiO, is useful as the electrical lead
wires for MEMS actuation have to be accessible
from outside through the hermetic wall. An her-
metic seal for vacuum operation of MEMS devices
often enables the MEMS moving membranes to per-
form at a much higher speed or at a higher fre-
quency (such as in MEMS relays, switches, tiltable
mirrors, and so on) because of much reduced damp-
ing by air.

The universal solders also provide strong bonding
onto various optical materials (Table II). The optical
materials tested here for bonding includes SiOs,,
which is widely used as optical fibers (important for
high-speed, high-volume telecommunications of
voice, data, and internet information); LiNbO; crys-
tals widely used for optical-signal modulators; ZnS
and ZnSe used for display phosphors, electrolumi-
nescent devices, and photoconductors; MgF, and
CaF, used for optical windows and lenses; and yt-
trium-aluminum-garnet (YAG) used for lasers and
other optical applications. The universal solders
with bond strengths typically exceeding 6.9-13.8
MPa (Table II) can be useful in a variety of optical or
optoelectronic device assembly and packaging.
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Fig. 4. (a) The flip-chip solder bonding of Si-based MEMS compo-

nents. (b) A schematic illustration of hermetic sealing of the MEMS
device using the universal solder.
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An optical-fiber-based telecommunications net-
work is essential for modern Internet and voice com-
munications. Our RE-containing solders directly sol-
derable to optical fibers are technically useful for a
variety of applications in optical-fiber devices, as il-
lustrated in Fig. 5. Strong creep resistance of bonds
or joints is of tremendous importance in optoelec-
tronic packaging because of the need for maintain-
ing positional accuracy of the components over ex-
tended periods of time.? Time-dependent, gradual
misalignment results in a reduced transmission in-
tensity, or in some cases, even a complete loss of
light-wave communication signals. Creep-resistant
solders, such as those based on Sn-Ag or Au-Sn eu-
tectic including directly bondable solders, are essen-
tial for securing and maintaining the optical align-
ment between the laser and the single-mode optical
fiber (Fig. 5a), where a tight, micrometer-level toler-
ance in dimensional stability is required. Optical-
fiber gratings are SiO,-based optical fibers with in-
ternal, periodic, refractive-index perturbations along
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Fig. 5. The universal solder bonding for various devices: (a) fiber
positioning in alignment with laser beam, (b) temperature-compen-
sated frequency filter using fiber gratings, and (c) wavelength-tun-
able fiber, Bragg grating filter device.
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the fiber length, corresponding to specific Bragg re-
flections for a certain wavelength of optical signals.
They are frequently used for filtering specific, desig-
nated wavelength channels in wavelength-division-
multiplexed optical communication systems. They
need to be temperature-compensated!! to eliminate
the fluctuation of the refractive index of the grating
with ambient temperature. One way of accomplish-
ing this is to attach a negative coefficient of thermal
expansion (CTE) material,'>!? such as Ni-Ti or Zr-
tungstate, on the elastically prestrained fiber grat-
ing such that when the ambient temperature rises,
the strain in the grating is reduced by the attached
negative-CTE material. This is schematically illus-
trated in Fig. 5b. The RE-containing solders are use-
ful for convenient assembly of wavelength-tunable
fiber gratings,'* as illustrated in Fig. 5c. The strain-
ing of the fiber grating alters the characteristic
Bragg-reflection wavelength so as to allow the fiber
Bragg grating to filter other wavelength channels in
a wavelength-division-multiplexed optical telecom-
munication network.

SUMMARY

Using RE-doped solders, we have achieved a di-
rect and powerful bonding on a variety of inorganic
materials, such as nitrides, carbides, oxides, sulfides,
fluorides, selenides, diamond, silicon, and GaAs. The
surfaces of these materials are known to be very dif-
ficult to bond with low melting-point solders. The
nature of the bonding is based on chemical reactions
at the interface, and hence, strong bonds are ob-
tained. The Sn-3.5%Ag-2.5%Lu (by weight) solder
and Au-19.5%Sn-2%Lu solder, for example, exhibit
interfacial-bond strengths in excess of 6.9-13.8
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MPa. They can be useful for providing direct, ohmic-
electrical contacts and interconnects in a variety of
electronic assemblies and for producing hermetic
seal joints on silicon or silicon-oxide surfaces and di-
mensionally stable and reliable bonding in optical-
fiber devices, laser devices, or thermal-management
assemblies.
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