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Universal solders for direct and powerful bonding on semiconductors,
diamond, and optical materials
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The surfaces of electronic and optical materials such as nitrides, carbides, oxides, sulfides, fluorides,
selenides, diamond, silicon, and GaAs are known to be very difficult to bond with low melting point
solders(<300 °Q. We have achieved a direct and powerful bonding on these surfaces by using low
temperature solders doped with rare-earth elements. The rare earth is stored in micron-scale,
finely-dispersed intermetallic islandSn;Lu or Au,Lu), and when released, causes chemical
reactions at the interface producing strong bonds. These solders directly bond to semiconductor
surfaces and provide ohmic contacts. They can be useful for providing direct electrical contacts and
interconnects in a variety of electronic assemblies, dimensionally stable and reliable bonding in
optical fiber, laser, or thermal management assemblies20@1 American Institute of Physics.
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Electronic devices generally contain base semiconductogarried out by tacking a small piece of solder {mn? in
materials, diffusion barriers, dielectrics, electrical conductors/olume with the tip of the soldering gun, and applying it
as well as heat sink materials. A variety of electrical pathspnto the substrate surface in air for 1-5 s. The use of an inert
lead wire contact bonds, and mechanical bondings are madgs atmosphere was not a necessary condition for strong
at different packaging levels. Telecommunication optical fi-ponding. A 0.5 mm diameter nickel or copper wire was also
bers need to be bonded on an assembly substrate with supended onto the same solder joint in parallel with the sub-
micron accuracy and stability in alignment with respect tostrate surface for the purpose of shear pull test to determine
lasers and other optoelectronic components in order to enhe bond interface strength. The shear test was conducted by
sure and maximize optical signal transmission. attaching the wire to either a known weight, calibrated spring

Electronic solders such as Pb-Sn, Sn-Ag, Bi-Snscale, or the tensile test grip of an Instron machine. All three
Au-Sn are widely used for bonding of components and cirtest methods gave essentially comparable breaking stress lev-
cuits in electronic and optoelectronic devicésWe have els for the solder-substrate interface. The melting tempera-
selected two lead-free solders, Au-20 wt % Sn eutectic soldetures of the solder alloys, Sn—3.5%Ag—-2.5%Lu and Au—
(melting point=~278 °Q and Sn-3.5 wt % Ag eutectic sol- 19.5%Sn—2%Lu, have been determined by differential
der (melting point=~221 °Q, and doped these base soldersscanning calorimetry analysis to be224 and~283 °C, re-
with 2-2.5 wt % of rare eartfRE) element such as lutetium spectively, which are about the saifre3 °C highel as those
(Lu), erbium(Er), or cerium(Ce). The synthesis of the rare- for the corresponding binary eutectic alloys without the rare
earth-containing solder was not easy. The problem arises prearth alloying.
marily because of the tendency of rare earth pieces to get We have evaluated direct solder bondimgthout using
oxidized rapidly during the heating process even in a relaany substrate metallizatipof our universal solders on vari-
tively high vacuum of~10"°-10"° Torr, forming a skin of  ous types of important electronic and optical materials. The
very stable and high-melting-poift-2300 °Q rare earth ox- rare earth containing solders produce powerful bonding to
ide, which prevents the needed melting and alloying reactiowarious surfaces, as indicated in Table I. The shear stress for
at the interface between the liquid solder and the solid raréracture was determined by dividing the fracture load with
earth. We overcame this difficulty by employing magneticthe solder bond interface area. As indicated in Table I, the
remote maneuvering to plunge cold rare earth into molteruniversal solders provide high shear fracture stress typically
base solder under 10 ° Torr vacuum. in excess of~1000 psi(6.9 MPa. We have also utilized

For solder bonding experiments, various substrates werether rare earth elements such as erbi#r) and cerium
heated on an electric hot plate to a temperature typicallyCe) instead of lutetium(Lu) in some of our universal sol-
about 50-80°C above the solder melting points, e.g.ders. These solders also produced bond strengths comparable
~270-300 °C for the case of Sn—Ag-Lu, Sn—Ag—Er, andto those obtained by the Lu-containing solders. When the
Sn—Ag-Ce solders, angd340-380 °C for the case of Au— solder bond is subjected to a stress level beyond the breaking
Sn—Lu solder. The tip of a thin and flexible wire thermo- stress, the fracture often occurs either in the substrate mate-
couple(alumel-chromeélwas placed on the substrate surfacerial or at some point along the length of the bonded metal
to monitor the temperature. A hand soldering operation wagvire being pulled instead of at the solder bond interface.

For circuit connections, ohmic contact with low contact

a - resistivity on semiconductor surfaces is desirable. The devel-
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0003-6951/2001/78(19)/2976/3/$18.00 2976 © 2001 American Institute of Physics
Downloaded 11 Jan 2002 to 192.19.194.28. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 78, No. 19, 7 May 2001 Mavoori, Ramirez, and Jin 2977

TABLE I. Bond Strength%(in psi) of universal solders on electronic, optical, and other materials.

SOLDERS: Sn—-Ag-Lu Au-Sn-Lu SOLDERS: Sn-Ag-Lu Au-Sn-Lu
SUBSTRATES: SUBSTRATES:
Semiconductors Optical materials
Si, GaAs >1200 Optical fiber >2400 2500
SiC, GaN >1130 >1020 LiNbGy(z cut) >1720
Diffusion barriers ZnS110 >1690
TiN 3060 540 ZnS€001) >1620
TaN 320 >1530 Mgk >2660
Dielectrics Cak (100 >1080
SizN, >1770 YAG (002 >1935
Ta,05 810 Other materials
Si0,,Al,04 >1020 >1900 YSZ(100 >2040
Metallizations SrTiQ (100 >1370
Al, CoSi, >1940 >2100 Stainless steel 2177 >2740
Heat sinks Ti 361 >1100
Diamond >2100 NiTi (shape memony 645
AIN, SiC >1130 >1020

3Bond strengths in shear stress parallel to the interface.4628ix 10”2 MPa.
bSn—Ag and Au—Sn binary eutectics do not bond at all to most of the substrates above.

subject of intense current effotfThe use of multilayer met- obtain the voltage drop across the interface between the uni-
allizations and high temperature annealing treatnierf., at  versal solder and the semiconductor.
~900 °Q is often required in order to achieve low contact Both the four-pointl—V and the three-point—V curves
resistance. The contact resistance behavior of the interfacgere linear. Shown in Fig. (b) are the differential(four-
between the universal solder and the directly bonded sempoint minus three-point voltages$—V characteristics of the
conductor was evaluated after the low temperature solderingolder-semiconductor interface f6t00 Si (n-doped with
We used four-point and three-point measuremenphosphorous;10' /cm® carrier density, SiC semiconduc-
configuration$ as illustrated in the schematic cross-sectionattor [4H SiC, (1120, n-type doped with~5 x 10*"/cm® of N,
diagram of Fig. 1a). Four stripe-shaped solder bonds wereprocured from Stirling Semiconductors, Ifcand (0001
made on rectangular semiconductor substrat&smm x 12 GaN which isn-type doped with Si € 1.5x 10'%cm? carrier
mm) of Si, GaN, SiC, and GaAs. One of the four bonds is theconcentratiopy with a thickness of 2.5um and grown on
Sn—3.5%Ag-2.5%Lu universal solder joint while the other0.04 xm AIN on (0001 sapphire(procured from Epitronigs
three are In—10%Ag solder jointgn.p. ~ 150 °O added It is seen that the interfade-V characteristics are Ohmic for
later by lower temperature soldering operation. Thin silverboth semiconductors. The contact resistance appears to scale
wires(0.125 mm in diamwere attached to each bond as leadwith the bond area when the bond area was made smaller.
wires. A dc current of up te-100 mA was applied through The contact resistivity, which is the contact resistance value
thel, (or 17 ) andl, leads while the voltage developed was multiplied with the bond interface area, is estimated to be
measured with th&/; andV, leads. The four-point voltage about 0.01 — 0.0Z) cn?. Qualitatively similar results were
data(using the current leads andl,) were subtracted from obtained for the case of solder bonding on GaAs.
the three-point voltage datasing current leads; andl, ) to Shown in Figs. 2a)—2(d) are the microstructures of the
Sn—-3.5%Ag—2%Lu and Au—19.5%Sn—2%Lu solder bonds

() on GaN, Si, GaAs, and SiQrespectively. In Fig. @), it is
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FIG. 1. Contact resistance measurement for universal solder-substrate inter-
face. (a) Solder bond and measurement configurati@n), 1-V curves FIG. 2. Cross-sectional microstructure @& Sn—Ag-Lu on GaN,

through the interface. (b) Au—Sn-Lu on Si{(c) Sn—Ag-Lu on GaAs(d) Sn—Ag-Lu on SiQ.
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seen that the interface between the Sn—Ag—Lu solder and thbe solder-substrate interface region showed no detectable Lu
GaN semiconductor is flat and smooth. The bond strength ipeaks by EDXA. However, if we increase the soldering time
strong, with the shear fracture stress in excess of 2000 psi @0 more than several seconds, a faint Lu peak begins to ap-
13.8 MPa. The eutectic lamella structure of the Sn—Ag mapear, indicating a time-dependent, diffusional reaction of the
trix is also evident, with the light phase being the Ag-rich rare-earth element migrating in the molten solder toward the
Ag;Sn intermetallic phase and the dark phase being the Shnterface to react with the substrate materials. For an exag-
rich phase. Extensive EDXA analyses indicate that withingerated soldering operation of 2 min, high-resolution trans-
the resolution of the EDXA, the rare earth Lu is essentiallymission electron microscopyTEM) microscopy indicates
non-detectable in the Sn—Ag eutectic solder matrix but ighe presence of a layer of Lu oxide as thick as 5 nm at the
present primarily in the rectangular-shaped islapdarked interface of the universal solder and the quartz substrate.
A in Fig. 2(a)] with an average size of3 um. These islands Therefore, for the typical soldering time of a few seconds
have been identified as the intermetallic compound with aised for most of the bond experiments in this work, the
composition close to Shu.® The fact that the rare earth RE-containing bond layer is estimated to be on the order of a
atoms are desirably trapped in the solder as fine, micronfew atomic layers thick or less, and may or may not be a
sized islands ensures a safe storage of the reactive rare eacbntinuous layer. Further TEM analysis is required to under-
elements within the solder matrix before use. Upon solderstand the exact nature of bond layer and mechanisms in-
ing, the rare earth, on account of the fine precipitate sizeyolved. Such a formation of chemically more stable com-
rapidly dissolves in the molten solder and makes itself availpounds of RE-carbide, -nitride, -oxide, -fluoride, -sulfide,
able for interfacial reaction to produce strong chemical bondetc. is thermodynamically favoralSiéas the heat of forma-
ing. When the solder solidifies, the remaining rare earth attion (—AH; ) of rare earth compounds tends to be greater
oms again go back to and stored in the intermetallic islandgmore negative than those for most of the non-RE metal
A small size of the islands is desirable as the required diffucarbides, nitrides, oxides, fluorides, and sulfides.
sion distance for the movement of rare earth element in the A direct, low-temperature bonding at250—350 °C re-
dissolving intermetallic islands toward the interfat@nd gime of diamond, one of the most stable, high thermal
hence, the needed soldering tinfer chemical bonding re- conductivity materials, such as presented héFable | has
action is reduced. This, in turn, minimizes the degree of unnever been reported previously. The universal solders also
desirable oxidation of rare earth element on the surface gfrovide strong bonding onto various optical materi@ese
molten and solidifying solder, which occurs rather rapidly. Table |) including SiGQ used for communication optical fi-
Shown in Fig. 2b) is the scanning electron microscopy bers, LINbQG crystals for optical signal modulators, ZnS and
cross-sectional micrograph of the Au—19.5%Sn—2%Lu solZnSe for display phosphors and photoconductors, Magid
der bonded on the-type Si substrate. The lamellae type CaF, for optical windows, and yttrium— aluminum—garnet
eutectic structure consisting of tie 90%AuU—-10%Shphase for lasers and other optical applications. Strong and reliable
and the (~62%Au—-38%Sh phase is clearly seen. The solder bonding to optical fiber can also be useful to other
solder-semiconductor interface is smooth and flat. The raréiber-related devices, such as those based on fiber Bragg grat-
earth Lu in this case is trapped and stored in the islands dfhgs for wavelength selection and filterif¢’As our rare-
AuyLu intermetallic compound marked B in the figure. Lu earth doped solders bond strongly to essentially all inorganic
was essentially absent in the Au—Sn solder matrix. Since thmaterials, they can be viewed, in essenceyrisersalsol-
storage environment for L@.e., the AyLuislandg isrichin  ders.
oxidation-resistant Au in this case, Lu is kept even safer than
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