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government has certain rights m the invention.

( CROSS REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of United States Provisional
10 Application Serial No. 60/201,292 filed by the present applicants on May 2, 2000
and entitled “Reactive Multilayer Foils”. It 1is related to U.S. Application Serial No.

filed by MLE. Reiss et al. concurrently herewith and entitied

“Method of Making Reactive Multilayer Foil and Resulting Product” and U.S.
Application Serial No. __. filed by T.P. Wetihs et al. concurrently herewith
15 and entitled “Reactive Muliilayer Structures For Ease of Processing and Enhanced

Ductility”. These thres related applications are incorporated herein by reference.

FIELD OF THE INVENTION
This invention relates to reactive multilayer foils, especially freestanding

multilayer foils, useful as local heat sources.

20 BACKGROUND OF THE INVENTION

Reactive multilayer coatings are useful in a wide variety of applications
requiring the generation of intense, controlled amounts of heat in a planar region.

Such structurss conventionally comprise a succession of substrate-supported
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coatings that, upon appropriate excitation, undergo an exotherm c chem cal
reaction that spreads across the area covered by the | ayers generating
precisely controlled anounts of heat. While we will describe these reactive
coatings primarily as sources of heat for welding, soldering or brazing,
they can also be used in other 5 applications requiring controlled | ocal
generation of heat such as propulsion and ignition. In many nethods of

bondi ng or jceitiigh thatia F@ﬁ brSprife BRALLEN UNERd & exbe@thiceflemithl Badfigat source
may either be ext er na internal to the structure to be joined. Wen

external, thg, ?ﬁ&ds%&s?&e&%@o@éﬁ@"o} HeMR rsd«?e&ﬁbﬁﬁmosﬁxg@xsa? cnfdtepace. 10

Processes i nco rati ng such heat sources reqw ret heating of the entire

unit to be _bonded n K ials nd material, to a
t enper at ur e 2A4RS Og]ﬁe W’f}d% "%e‘f’{ﬁ qeﬁcéjlbﬁé}hede ﬁe&f%vrelcg %&Wag?yrret hod presents
probl ems because the buI materials to be joined are often delicate or
sensitive t&OWReS AfibgH PPLwpdme: spldegng P’éBﬁiFmédh?}hcaP Od}ec}’é@s@.ompﬁese hi gh

t enperatures may damage the materials to be 15 bonded. To alleviate the
probl enss as goplicatiens raguinng sqndtoled lopd Fenyationcdeatispetersppulfiemendsour ces are
utilized. These heat sources often take the formof reactive powders or
even el ect riigationsi res. When reactive powders are used, a nmixture of netals
or conpounds that will react exothermcally in a self-propagating reaction
to 20 forma final conpound or alloy is utilized. Such processes have

exi sted since self-inpiagagahdd3G POWEIES & PRI reesellQpedaisouleBes early 1960s,
spawni ng what is known as Self-Propagating, Hi gh-Tenperature Synthesis
(SHS). SHS [t EqtrleB OMBis hBAWBWBE may either be external or internal to the structure to be

joined. When extemal, the heat may be generated from a device such as a furnace.

10 Processes incorporating such heat sources require the heating of the entire unit to be

bonded, including the bulk materials and the bond material, to a temperature high

enough to melt the bond material. Such a method presents problems because the

bulk materials to be joined are often delicate or sensitive to the high temperatures

required in the process. These high temperatures may damage the materials to be

15 bonded.

To alleviate the problems associated with external heat sources, internal
heat sources are utilized. These heat sources often take the form of reactive
powders or even electrical wires. When reactive powders are used, a mixture of
metals or compounds that will react exotherrmically in a self-propagating reaction to

20  form a final compound or alloy is utilized. Such processes have existed since self-
propagating powders were developed in the early 1960s, spawning what is known
as Seif-Propagating, High-Temperature Synthesis (SHS). SHS reactions, however,

often require substantial preheating to self-propagate, and controlling the rate and
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often require substantial preheating to self-propagate, and controlling the
rate and 2 manner in which their energy is released is often difficult. As
a result, bonding may be inconsistent or insufficient. To conbat the

probl ens associated with reactive powder bonding, nultilayer structures
conprised of materials, which allow simlar exothermc 5 reactions, have
been devel oped. Such structures allow for nore controllable and consi stent
heat gener atiangerrie adfidhothar eddngy Dadeased isiofiendiffioric eAdetesiiy bsnidihe SkiS
reactions is a reduction in atom c bond energy. Wen a structure having a

series of hayRbisigintagtficenmaterial (known as a foil) is ignited, heat is
produced as the distinct |layers atomcally conbine. This heat ignites

adj acent regions of the foil, 10 thereby allowing the reaction to travel the

entire lenath of thg SEUChULSw ANRLALL00,BaluNL scAldegmt or T2l [ s

reacted. Even wi th such advances in echnol‘ogy, owever, there

remai n probl ens. Many materials or exanpl.e, posed.mpjor, difficulties and
previ ously BBE‘T“SIHY %6?‘){‘5@%&%@?@? BFwﬁteﬁéﬁgglﬂgh ﬂgﬂ‘f %@Hﬁ%é’ﬁ%ﬁ,enﬁ’ét hods
utilizing reactive foils as heat sources often resulted in the foil

debondi ny f FERIIYHehars bsemdsveleped. upish siedees slip™ fonacebsrrielddnsiy t he bond.

Accordingly there is a need for inproved reactive nultilayer foils. SUMVARY
OF THE | NVERMsGR¢nRbeas senesatingireastionsd THedrsic dueins free pahandi 9eltSHS | ocal i zed
heat sources useful, for exanple, in ignition, joining and propul sion. An
i nproved r eamtiive if ordduct® in atopriebexddrkrgya Whmestmotdierig vimglat setiesyedr ed f oi |
structure nade up of alternating |ayers
( layers of reactive material (kmown as a foil) is ignited, heat is produced as the
distinct layers atomically combine. This heat ignites adjacent regions of the foil,
10 thereby allowing the reaction to travel the entire length of the structure, generating

heat until all material is reacted. Even with such advances in bonding technology,

however, there remain problems. Many materials, for example, posed major

difficulties and previouély could not be successfully bonded. Additionally, methods

utilizing reactive foils as heat sources often resulted in the foil debonding from the

15 substrate upon reaction, thereby weakening the bond. Accordingly there is a need

for improved reactive multilayer foils.

SUMMARY OF THE INVENTION
Reactive foils and their uses are provided as localized heat sources
useful, for example, in ignition, joining and propulsion. An improved reactive foil
20 is preferably a freestanding multilayered foil structure made up of alternating layers
selected from materials that will react with one another in an exothermic and self-
propagating reaction. Upon reacting, this foil supplies highly localized heat energy

that may be applied, for example, to joining layers, or directly to bulk materials that
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selected frommaterials that will react wth one another in an exothermc
and sel f- propagating reaction. Upon reacting, this foil supplies highly
| ocal i zed heat energy that nmay be applied, for exanple, to joining | ayers,
or directly to bulk materials that 3 are to be joined. This foil
heat - source allows rapid bonding to occur at room tenperature in virtually
any environnent (e.g., air, vacuum water, etc.). If a joining material is
used, the fQqQid;.h @ik led; . j-0i ni ng
mat eri al s, %.%’ﬁgz‘%ﬁ%@com ?%bﬁ%%(%‘ﬁ?eg@%ugbﬁlggﬁﬁég%ﬁcg?%#g?d% two or nore
bulk 5 materjals. If. no_jaining mter.i is.used, the foil, reaction supplies
heat direct IR R ™ asa® s gﬁvdﬁ'olgnﬁﬁtta%?gi’ﬂrsyacﬁaﬁnt Wﬁﬁr’aetcp)oﬁ fon of each
bul k, which upon cooling, forma strong bond. Additionally, the foil may be
desi gned wi IHIEREMFR 114550, taf falyeacker F‘Eﬁi’lﬁb?mﬂlﬁ’éhf’%it?npﬁé thedPinggl k)
material through the foil to enhance bondi ng. BRI EF DESCRI PTION OF THE
DRAW NGS 10 maigrizls ik upga soolingavilirfesn 2 siehgippti jemioive efmarhbulknvent i on
will be apparent fromthe follow ng detail ed description of preferred
enbodi nent s nodtertase If noyemning omtenshisaked, shepfod véadtch supptienimatcditantly width t he
acconpanying drawings. In the drawings,. Fig. | illustrates an exenplary
mul tilayer neaciiowmlit flateridlsl BBink @ 6ioART eachDull, Gshich haawsolidefokt @est andi ng
el enents of an exenplary joining application; Fig. 3 illustrates initiation
]9f _ ? j 0i ni N@aRPbdreatd Ritionalty dhe HiISHAMR RN RXERR) 8pehiRRIhARALRd reactive
oil;

’ extrusion of the joining (or bulk) material through the foil to enhance bonding.

BRIEF DESCRIPTION OF THE DRAWINGS
10 Many advantages, features, and applications of the invention will be
apparent from the following detailed description of preferred embodiments of the
invention, which is provided in connection with the accompanying drawizgs. In the

drawings:

Fig. | illustrates an exemplary multilayer reactive foil during reaction;

G

13 Fig. 2 shows the freestanding elements of an exemplary joining

application;

Fig. 3 illustrates initiation of 2 joining application;

Fig. 4 shows an exemplary perforated reactive foil;

Fi

aq

. 5 depicts the flow of joining material through holes in a foil;
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g. 6 illustrates formation of a reactive foil by cold rolling;



Fig. 5 depicts the flow of joining material through holes in a foil; 20
Fig. 6 illustrates formation of a reactive foil by cold rolling; 4 Fig. 7 is
a schematic cross section of a conposite reactive foil conposed of sets of
m crolam nate foils and nanolam nate foils; Fig. S shows the use of reactive
foil to join a sem conductor or mcroelectronic device to a substrate; and
5 Figs. 9A and 9B illustrate a patterned reactive foil wherein sone regions
react to form condugf, L r 5 >t gions. It
is to be under stoodﬁﬁgﬁse{ﬁgglgg%g\?m&r%é&groea%g%% eq%%?ggggcg%{ﬁo{elgl ustrating
the concepts_of the.|nvention..an [.e,.not .scal e. DETAI LED DESCRI PTI ON 10
Preferred en%fgsati’s r?gﬁrflésw]\éﬁléﬁ aé%%f]?c%g‘% ?%qg amd?at% ﬁ)élg’i nvention wll now be

descri bed. O her enbodi nents may be realized and conpositional or structural
changes may be made_w t hout departing fromthe spirit or scope of the

i nvention. Al t hougRig heher8ePretfreacirsionde s pesBicAndN4iPE Obeen particul arly
described as joining or bonding bulk materials utilizing a freestanding,

sel f - pr opagamicnelacaan deece B afib\%ﬁtrariQ;raud:ture, it should be readily apparent
that the invention may be enbodi ed for other uses or applications requiring
an intense |localized heat source. In accordance with a preferred enbodi nent
of the invention, aFignfA iddeillusratet pyeensddnaetive il ghsrehisoat tegioneferred to
herein as a "foil") is provided as a |local heat source in a variety of

appl i cati onsregd€h i cBnficBoL&Sidnbnd Sthérk gt MR -conductive regions.

It is to be understood that these drawings are for the purpose of

illustrating the concepts of the invention and are not to scale.

DETAILED DESCRIPTION

10 Preferred embodiments and applications of the invention will now be
described. Other embodiments may be realized and compositional or structural
changes may be made without departing from the spirit or scope of the invention.
Although the embodiments disclosed hersin have been particularly described as
joininé or bonding buik matenals utilizing a freestanding, self-propagating reactive

{ 15 foil structure, it should be readily apparent that the.invention may be embodied for

other uses or applications requiring an intense Jocalized heat source.

In accordance with a preferred embodiment of the invention, a
multilayer reactive structure (generically referred to herein as a “foil™) 1s provided
as a local heat source in a variety of applications such as a process for joining two

20 ormore (of the same or different) materials together. As illustrated in Fig. 1,
reactive multilayer foil 14 is made up of alternating layers 16 and 18 of materials A

and B, respectively. These alternating layers 16 and 18 may be any materials
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20 or nore (of the sanme or different) materials together. As illustrated in
Fig. 1, reactive nultilayer foil 14 is made up of alternating |ayers 16 and
18 of materials A and B, respectively. These alternating |layers 16 and 1S
may be any materials 5 anenable to m xing of neighboring atons (or having
changes in chem cal bonding) in response to a stinmulus, including silicides
(e.g., R/Si, N/Si, and Zr/Si, etc.), alumnides (e.g., Ni/A, Ti/A,

Monel / AL, aagle;ftﬁeb‘{o mBhse aﬁne%ﬁbﬁx@atéﬁs Q}r hIhﬁB):hanog%Qh%Qal(&ngmn) Ti/ C)
thernmite reacting conmpounds O, 5 alloys, netallic

?Qﬁffﬁit hiﬂ%ﬁ%‘éé F‘%%ﬁ%“ﬁ@‘elg%n mﬁmgggg@ga@mwﬁ%@ ng ki .E‘%c?.se?n: a
(oo T Rimepies e QYEL Ty fnearbuBl e 02l b8R8t 08 o o cr bl .

the pairs (A B) f el enents are chosen based on the way they react to form
stable 10 cé?»ﬁb@@ﬁﬁ%amﬁfﬁ ferie Fregfing coBpRERdsde 61, Afl@ﬁzﬁathrew(élafa ):hi gh

adi abatic reaction tenperatures, as described in T.P. Wi hs,

" Sel f - ProopaghtysnmpeREzcslasoes amdqcomnmlsittdsl(agemelmiterlainlad)s, " Handbook of Thin Film
Process Technol ogy, 1997, which is incorporated herein by reference inits
entirety. In a preferred enbodinent, at |east one of the |ayers of the
reactive foil is (OTheafittrdlnc)/BAisedlb fAbkieftion ofuhd jekaive foif orebrefekabbly exposed
to a stinulus (e.g., spark, energy pulse, etc.), for exanple at one end,

nei ghbor i ng cRéPIEBIY iABIE] prafesred\e@dBsiiBentMafersQ 6918 A&nROoydvidn ar €gi on 30.

The change in chem cal bonding caused by this mxing results in a reduction

in atom c bengienemen (Us, 9eeRNahE BH A MR (8P, B, Al, etc.). Preferably,
the pairs (A/B) of elements are chosen based on the way they react to form stable
10 compounds with large negative heats of formation and high adiabatic reaction
temperafures, as described in T.P. Weths, “Self-Propagating Reactions in

Multilaver Materials,” Handbook of Thin Film Process Technologv, 1997, which is

mcorporated herein by reference in its entirety. In a preferred embodiment, at least

one of the layers of the reactive foil is (or contains) AL

15 When a multilayer foil 14 is exposed to a stimulus (e.g., spark, energy
f pulse, etc.), for example at one end, neighboring atoms from materials A and B

mix, e.g. as shown in region 30. The change in chemical bonding caused by this
mixing results in a reduction ‘in atomic bond energy, thus generating heat in an
exothermic chemical reaction. This change in chemical bonding occurs as Jayers

20  with A-A bonds (i.e., layer 16) and layers with B-B bonds (i.e., layer 18) are
exchanged for A-B bonds, thereby reducing the chemical energy stored in each
layer, and generating heat. As Fig. 1 further illustrates, this generated heat diffuses

through foil 14 (in a direction from reacted section 30 through reaction zone 32 to



exot herm c chem cal reaction. This change in chem cal bonding occurs as

| ayers 20 with A-A bonds (i.e., layer 16) and |layers with B-B bonds (i.e

| ayer 1S) are exchanged for A-B bonds, thereby reducing the chem cal energy
stored in each |layer, and generating heat. As Fig. | further illustrates,
this generated heat diffuses through foil 14 (in a direction fromreacted
section 30 through reaction zone 32 to 6 unreacted section 34) and initiates

addi tional gxi; sgsnc;m)qﬂa ﬁﬁﬁét@sdadhﬁx)éﬁzﬂ?m%\fég @ thel 1B34Mcted 18ers. Asa

sel f-sustaining/s pr opagatl ng reaction AS reaction) i's produced

t hrough foil 14, ntly dar n | t eration, the
reaction 8% asggs %%#o %g %Kma tPFéggn& 8%§9£? %ﬁ% I?‘ﬁes‘{typlcally
greater tha i on does. .no reqU|re addi ti onal atons from
the surr ounﬁ?%mé%?$5W%W?§%? tly l3rgs a‘@)&éﬁ’fﬂ?@a‘: ERTGHH- 1 FHERase of
conmbustion), the reaction nakes foil 14 a self- contained source of energy
capabl e of Enebagates goioss e SNk Teib i atwelpcities Bploelp igerater thandaei A§ teenper at ur es
above 1400 K, and a local heating rate reaching 109 K/s. This energy is
parti culsar | seactsefdaks not repypiei addition: stofre. fpm tesiumbwging gvirbnoent (ast c. ) 10
requiring production of heat rapidly and locally. When a reaction propagates
across a nufdriekayse, oik@gdn ih4hasuse b dosibusdody thyreattich makes fdiblamvelfrum
tenperature of the reaction is typically located at the trailing edge of

the reacti ofontaRe s3dice Dbser PYaphse 6 POSIHHE Rt bEndat Al lidheripamat ur e of
reaction, which can be determ ned by the “heat of reaction the heat lost to

the 15 enwf&&ﬁ@@{en@emwémw@lum IU%EQE'l@Jal ﬁélx'dﬁw rate }eacﬁlﬂcez@?\@s age heat
ca(pamty of the “sanple (C.), he mass of the sanple; M Another factor
in determ ngpg eﬁeﬁ‘&y Is'pﬁ?:kcularly useful in applications (e.g., joining, ignition, etc.)

10 requiring production of heat rapidly and locally.

When a reaction propagates across a multilayer foil 14 as illustrated by
Fig. 1, the maximum tempe;ature of the reaction is typically located at the trailing
edge of the reaction zone 32. This may be considered the final temperature of
reaction, which can be determined by the heat of reaction (AH), the heat lost to the
15  environment or surrounding material (AH.q.), the average heat capacity of the
sample (C,), and the mass of the sample, M. Another factor in determimning the final
temperature 1s whethér or not the reaction temperature exceeds the melting point of
the final product. If the melting point is exceeded, then some heat is absorbed in
the state transformation from solid to liquid of the product. The final temperature
20  of reaction may be determined using the following formulas (where T is the initial
temperature, AH, is the enthalpy of meliting, 77, is the melting temperature of the
product, and there is no reaction with the surrounding environment or material),

depending upon whether final product melting occurs:



tenperature is whether or not the reaction tenperature exceeds the nelting
point of the final product. If the nelting point is exceeded, then sone
heat is absorbed in the state transformation fromsolid to liquid of the
product. The final tenperature 20 of reaction nmay be determ ned using the
following fornulas (where To is the initial tenperature, AHmis the
enthal py of nelting, Tmis the nelting tenperature of the product, and

there i's no react i .LQiEQ JuRpoundi n NV £ NEEEL terial),
dependi ng upo %%et eP‘finaTqér8§€Et nelgfﬁg é%c rs:a7&$gﬁg To - (ARrx -

AHenv )/ ( Op |f no melting of final product occurs; Tf = T. If there is
a two- phase ngFﬁn of solid and liquid final product; and 5 Tf = T. - (AH
+ AHen" + AHMI( Co M If the final product conpletely nelts. Intricately
related to the heat of_the foil reaction is the velocity of the propagation
of the reactifof Tal ong ¥Mere sigwh-phaseregion pfsolifnad Sguddinat piaficth t he

reacti on can propagate depends on how rapidly the atons diffuse normal to
their 10 |l ayemdng (Fig. 1) and how rapidly heat is conducted al ong the

| ength of foil 14. The propagation velocity is a strong function of the

thi cknesses of the individual layers in the nultilayer foil. As the
thi ckness of 4,adi,vidwal +haxgrsad8/ AAureqr aages) prbhie: csibbkisi on di stances
are snmaller and atons can mx nore rapidly. Heat" is rel eased at a higher

rate, and thepgfore the reaction travels faster through the foil stricture.

Intricately related to the heat of the foil }eaction is the velocity of the
propagation of the reaction along the length of foil 14. The speed at which the
reaction can propagate depends on how rapidly the atoms diffuse normal to their

10 layening (Fig. 1) and how rapidly heat is conducted along the length of foil 14. The
propagation velocity is a strong function of the thicknesses of the individual layers
in the multilayer foil. As the thickness of individual layers 16, 18 decreases, {he
diffusion distances are smaller and atoms can mix more rapidly. Heat is released at

a higher rate, and therefore the reaction travels faster through the foil structure.

: 15 In accordance with a preferred embodiment of the invention, reactive
multilayer foils 14 may be fabricated by physical vapor deposition (PVD) methods.
A magnetron spuftering technique, for example, may be used to deposit the
materials A/B on a substrate (shown in Fig. 1 in dashed outline form as layer 35) as
alternating layers 16, 18. Substrate 35 may be rotated over two sputter guns in a
20 manner well known in the art to effectuate the layering of materials A/B into

alternating layers 16, 18.



15 I n accordance with a preferred enbodi nent of the invention, reactive
multilayer foils 14 may be fabricated by physical vapor deposition (PVD)
nmet hods. A magnetron sputtering technique, for exanple, nay be used to
deposit the materials A/B on a substrate (shown in Fig. 1 in dashed outline
formas |ayer 35) as alternating layers 16, |IS. Substrate 35 may be rotated
over two sputter guns in a 20 manner well known in the art to effectuate the
layering of materials A/B into alternating layers 16, 18. 3 Substrate 35 is

shown in dashed out ki;A8rafe0r0s kvl =8 ohﬁﬁ& forin thSndcatrd @A0YARI € | ayer that
facilitates fabrication of the reactive foil 14 as a freestanding foil.

Substrate 35, ﬁ%}é%@? Ia?’ §Pfl2§1§1¥a?§s?ab(n%a\90n’ of the %egétga%‘cf%ﬂ SOFI Q@Jstaﬂ&ggr layer)

having the c |cs o) rovi Iclren eS|on SO as to keep

the foil | s t t d it t t dhesi
toeprgi/ent a%/ﬁél fSB%HaFer Bg %ﬁt{ya ur rsgreﬁﬂ%ﬁleorl %ﬁé??éjﬁé i)ba[“’g‘%i ﬁg e

deposition. The substrate_ can | ncl ude a coating of release material or
adhesi on nat @¢ ckaragensticnel providingsythisienbadhion shesrta kewrthe faildayerpefant ageousl y
an additional wetting |layer (e.g., tin) nmay be used as an 10 interface

| ayer betweethe stisthiedyting dgrositioh, Hubndt téd ihesivd B)prevedt thhdoibfibwthemge 35 to
provi de the necessary adhesive. Wen no wetting |ayer is enployed, select on
of the apprepoved RomahesubatratdfdBoaving degodifisrs t THeayestracdeposicled aon t he
substrate will ensure that the necessary adhesive requirenents are net.

Wien a react ¢dé€ing 0f delddsd AgteriAlor MiiRelon aftdal BrfirdltensAlsBdh&sido be fabricated,
for exanple, wthout a wetting | ayer,

( characteristics.
Advantageously an additional wetting layer (e.g., tin) may be used as an

10 interface layer between the first layer of foil (16 or 18) and the substrate 35 to
provide {he necessary adhesive. When no weatting layer is employed, selection of
the appropriate material A/B as the first layer deposited on the substrate will ensure
that the necessary adhesive requirements are met. When a reactive foil using
Al/Monel as materials A/B 1s to be fabricated, for example, without a wetting layer,

15 the exemplary reactive foil would be deposited on a substrate such as Si with the

i first layer being Al deposited on the substrate. Al is preferably selected as the first

layer in such case because Al will sufficiently adhere to Si during depositing, but

will allow peeling off of the substrate after the foil is fonmed.

A fabricated foil 14 may have hundreds to thousands of altemating
20 layers 16 and 18 stacked on one another. Individual layers 16 and 18 preferably
have a thickness ranging from 1-1000 rnm. In a preferred embodiment, the total

thickmess of foil 14 may range from 10um to lem.



15 the exemplary reactive foil would be deposited on a substrate such as Si
with the first |layer being Al deposited on the substrate. A is preferably

selected as the first |layer in such case because Al will sufficiently
adhere to Si during depositing, but wll allow peeling off of the substrate
after the foil is forned. A fabricated foil 14 may have hundreds to

t housands of alternating 20 |layers 16 and 1S stacked on one anot her.

I ndi vi dual layers 1 d1 € ablLy . have a.thickness ranging from 1-1000
nm In a preferred 3%%‘3‘@8&‘&%8%&0{%“%&%%}5 Otdﬁ?ocsﬁ%ag%mgfn?‘b? ePC%th‘ y range
froml1lOmto 1lcm 9 Another thod of fabricating is to deposit material in a
codeposi t i orgeogeErelsps t%mggloé,ﬁqo@ RACRBFOUET HE e drd abto SBEFUDEE G o
directed onto one substrate and the atomc fluxes fromeach nmaterial source
are shutt er edd the adeposiuxes fiem eatht meta@ilsotmy ereshi@eredty degosivthe al t er nat i ve
method is to elimnate shuttering 5 altogether and rotate substrates over
two mat eri alaltsmetedegrd bind 8y erplgaiatod mgthodiishichiafinad snitteridd uxes. Wth this
nmet hod, each pass over a source preferably generates an individual |ayer.

Preferabky tahegdiegraae rahte aimthes bvtk @5 inatdia] Surd¥B iRt ha}esph?\ﬁcanbat may occur
during deposition should be mnimzed. This may be acconplished by 10

depositing td&%in@ﬁ%ldcaﬁ{ﬁ@s? Wﬂh%&&@gﬁ@, e%,b'l‘?g& QLS soB?crefgir&fHﬂaﬁ‘i l'y when

mul tilayers 16 18 are sputter deposited. To the extent tThat sonme degree
of interm xi I navei.d e, arelatively thin (as conpared to the
alternating %ﬁ?r!‘é%%fiégl%fvé%%?s e region of pre-reacted material 20 will be
formed. Such a pre-reacted region 20,

(

Preferably the degree of atomic intermixing of materials A/B that may
occur during deposition should be mimumized. This may be accomplished by
10 depositing the multilayers onto cooled substrates, particularly when multilayers 16
and 18 are sputter deposited. To the extent that some degree of intermixing is
unavoidable, a relatively thin (as compared to the aiternating unreacted layers)
region of pre-reacted material 20 will be formed. Such a pre-reacted region 20,
nevertheless, is helpful in that it serves to prevent further and spontaneous reaction

15 in foil 14.

{ In an alternative embodiment, a multilayer reactive foil may be
fabricated using mechanical techniques such as repeated rolling of layered

COmposites.

As Mustrated 1n Fig. 1, the preferred reactive foil 14 is a freestanding
20  mulhlayer reactive foil for particular use as a heat-generating source. Freestanding
foils are easier to characterize than thin films because they can be handled like
“bulk” samples. Making reactive foils 14 freestanding greatly expands their

possible uses. Because such reactive foils are not necessarily associated with any

10



nevertheless, is helpful in that it serves to prevent further and

spont aneous reaction 15 in foil 14. In an alternative enbodi nent, a

mul tilayer reactive foil may be fabricated using nmechanical techniques such
as repeated rolling of |ayered conposites. As illustrated in Fig. 1, the
preferred reactive foil 14 is a freestanding 20 nultilayer reactive foi

for particular use as a heat-generating source. Freestanding foils are

easi er to chakpeheigphitationahel biay bfeinhm;iﬁﬁa@we: ﬁdyg;mqm@zéqaﬁﬁga%@d li ke
|

"bul k" sanples. Making reactive foils 14 freestanding greatly expands their

ossi bl e us a : i I ty; i ssoci at ed
P ﬁgsgﬁggﬁ YS$E1SHOHE L SACL! vrsae{g gwdac@dnqs A 11nﬁ?éaeo§313§écﬂe¥ p3s

with any 10 ctl'ar application, they nmay be mass-pro ed any

purpose requjring a self-_propagating |ocalized heat_ source. Their
P oauot i on - Peeiraiecdy v AR IR ety BB rrg bR B S € 1 cems

into a vacuum chanmber to be cqated by a reactiv mul tilay rI%PiI. Mor eover,
f r eest andi nﬁ‘“fl%lFYg%%ﬁ'lMo%ﬂc’lv ﬁ%%%ndgigrf%ﬂ%q\@&t%loﬁf LTSRS 19t tae SUPsEAe pe
m ni m zed where unwanted. Freestanding foils in accordance with preferred
 enbodi nent s tobe mEemized Flste WvVaRERd. be adapted for use in a variety of
applications. For exanple, the freestanding foils may be used to couple
bodies of materials (referred to herein as "bulk materials") together to
forma unified prodietstanfingdsiisaindirmyddnos vih peeferfadretnbb@imses afrtheany nunber of
bondi ng, soldering, brazing, welding or other applications to join bulk
materi al s. Aneytdicby poiddbtegd fapeint av iy tfeppBatese M@dximpikitge 3, in which
{ freestanding foils may be used to couple bodies of materials {referred to herein as
“bulk materials™) together to form a unified product. Freestanding foils may find
10 use in any number of bonding, soldering, brazing, welding or other applications to
join bulk materials. A typical joining application is represented in Fig. 3, in which
two or more bulk materials 10 are to be joined together. The bulk materials 10 may

be ceramics, metallic glasses, metals/alloys, polymers, composites, semiconductors,

and other forms of material.

15 In the particular joining application illustrated in Fig. 3, joining material
; 12 1s used to join bulk materials 10 together. Joining material 12 may be any layer
(or composite layer) of material to be melted to join bulk materials 10 together.
Joining material 12 can be in the form of freestanding sheets made up of metallic
glasses, metals/alloys, functionally graded layers, Ni-B films, solder, brazes, self-

20  propagating braze, combinations of such, or other like joining materials.

In accordance with a preferred embodiment of the invention, a reactive
foil 14 13 positioned between joining materials 12 to form a structure somewhat like

a sandwich. The reactive foil “sandwich” thus formed is preferably positioned

11



two or nore bulk materials 10 are to be joined together. The bulk materials
10 may be ceramcs, netallic glasses, netals/alloys, polyners, conposites,
sem conductors, and other forns of material. 15 In the particul ar joining
application illustrated in Fig. 3, joining material 12 is used to join bulk
materials 10 together. Joining material 12 may be any |layer (or conposite

| ayer) of material to be nelted to join bulk naterials 10 together. Joining
mat eri al 12 bemreehbulkmadtéugal§ OO ot thé ldbstivade gn dnd gosh) getis masketion eaf) aet al | i ¢

gl asses, netal s/alloys, functionally graded |ayers, N -B filns, solder,

brazes, sel fy12&: BE BRRGAItEIs DI A& be %meum@geugas of such, or other I|ike
joining materials. In accordance with a preferred enbodl ment of the

invention, a reactive foil 14 is positioned between joining materials 12 to

o A stucture Somulahel) 8¢ aca\,eslgﬂ;iw ig?sn?o%@dgsﬁ@%awggm&%nﬂa ndui ch”

thus forned is prefiera ¥ione ween rial's 10 at the
| ocation (e. ﬁ end poi nt oi nt ntersection, at  which the bul k

materials 1 Crhehaf’?)p{?é’“]“égy B 95 M}JOW@@F‘WH?}F\}H y, a reactive foil 14 is
positioned between bulk materials 10 which have previously been coated with
joining materials 12. 5 As another alternative, a reactive foil 14 is

posi tioned bet ween 4o3n9theg 31t¢FE%*§’I€| atesctive foib 14 svmpsinionsd RREVEATOBBREWhat | i ke a
sandwi ch. The reactive foil "sandw ch" thus formed is preferably positioned
bet ween bul materizér iZah Jorhpa strudtire sohewdtat libma fandwyich. difd reastimg {o1fj oi nt ,
intersection, etc.) at which the bulls materials 10 are to be joined

to(get her. TlHeandwidh” matsdfomaddsis arederibly posittmat betweet hulk maaterds Iedtdrel al s.

location (e.g., end point, joint, intersection, etc.) at which the bulk materials 10 are

to be joined together. The bulk materials are first coated with joining materals.

10 The joining process involves the application of force (as symbolically
represented by vice 11 in Fig. 3) to maintain the relative positions of bulk mat:rials
10, joining materials 12, and reactive foil 14. Advantageously all coraponents are
freestanding elements pressed together. In an altemative embodiment, joining

materials 12 are pressed as a composite with reactive foil 14.

( 15 Once the components of the joining process are positioned, a stimulus
{shown as lighted match 15) is applied, preferably, to one end of reactive foil 14 to
initiate an SHS reaction. The intermixing of atoms within reactive foil 14 produces
rapid and mntense heat sufficient to melt joining materials 12 along the entire length
of reactive foil 14. In this state, joining materials 12 are sufficient to join bulk

20 materials 10 together. Shortly thereafter, the joined materials 10 return to the
temperature of the environment (e.g., i'oom temperature) and can be removed from

the applied force (graphically represented by vice 11).

12



10 The joining process involves the application of force (as synbolically
represented by vice 11 in Fig. 3) to maintain the relative positions of bulk
materials 10, joining materials 12, and reactive foil 14, Advantageously
all conponents are freestanding el enents pressed together. In an
alternative enbodinment, joining materials 12 are pressed as a conposite
with reactive foil 14. 15 Once the conponents of the joining process are
positioned, a stinuAusmppstecimcias dongpotaibijeinhing Hdgrias] 2eqdirtaetye foilef er abl vy,
to one end of reactive foil 14 to initiate an SHS reaction. The internixing

of atoms W tjRichn berhied ehrbogt de]gésiﬁéxpﬁezge.,a&ppf @pbéting)df katenRseil Meadhtosuf f i ci ent
to nelt joining materials 12 along the entire length of reactive foil 14.

In this stat j QL 4 : i-al i:clLen - Qi . materi al s
10 1 oget her ekb Pt RERIEREE2. HooRRla drionaRm il fldkriitoind e
tenperature of the. enyi e. reomte rat.ure).and can.be renoved
from the aﬁ’bl&i rgac%vg&g%ﬁ%gﬁ%ivég?rﬁvp?%wr&rﬁta I@OQP%%T%%‘&’ ﬁQA conposite
structure conposed of joining materials 12 and reactive foil 14 can be
formed thr odgﬁma}eposi tion (e.g., vapor depositing) of reactive foil 14 onto
one layer of joining material 12. Another |ayer of joining material is then
conbined wth reactive foil 14 through vapor deposition or an application
of force (e.g., col &dmntagepysiity wethny/athesipadayst ymay boedded hyfeaiditsssi on | ayer nay
"be added to facilitate surface wetting for the reactive foil 14, bulk
mat eri al s 1Gurfare vootihg foTihe resative forlgldatinl&shaeridlalfe or dth.oWse uni f or m spr eadi ng
of joining material to ensure

{ wetting/adhesion layer allows uniform spreading of joining material to ensure

consistent joining of bulk materials. The wetting/adhesion layer may be a thin layer
10 ofjoining material (e.g., braze), Ti, Sn, metallic glass, etc. Conumercial alloys such

as Ag-Sn, Ag-Cu-Ti, Cu-Ti, Au-Sn, and Ni-B may also be used.

Preferred-embodiments of the invention are useable as freestanding
reactive foils 14 with increased total thickness. The total thickness of such a
reactive foil depends upon the thickness and number of the elemental layers (e.g.,
15 16 and 18) utilized to form the foils. Foils that are less than 10 um are very hard to
( handle as they tend to curl up on themselves. Foils on the order of 100 um are stiff,
and thus, easily handled. Thicker foils also minimize the risk of a self-propagating
reaction being quenched in the foils. In joining applications using reactive foils,
there is a critical balance between the rate at which the foil generates heat and the
20 rate at which that heat is conducted into the surreunding braze layers and the joint
to be formed. If heatis conducted away faster than it is generated, the reaction will

be quenched and the joint cannot be formed. The thicker foils make it harder to
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consistent joining of bulk materials. The wetting/adhesion |ayer maybe a
thin layer 10 of joining material (e.g., braze), Ti, Sn, netallic glass,
etc. Commercial alloys such as Ag-Sn, Ag-Cu-Ti, Cu-Ti, Au-Sn, and N -B may
al so be used. Preferred enbodi ments of the invention are useable as
freestanding reactive foils 14 with increased total thickness. The total

t hi ckness of such a reactive foil depends upon the thi ckness and nunber of

the el ement aéuén}i:a%feiraéﬁi'oﬂ-becajée e qu'gla}@:)r g%ﬁg‘aﬁﬂ%ﬂé?ﬁ mdfedpl I s. Foils

that are les mare very ard o) e as ey tend to curl up on
t hensel ves. | s_on.the or 0 n1are stlff and thus, easily
handl ed. Thi %LE F’be’lalﬂgmﬁhs\ggﬁmlf%li “the risk of a self- propagati ng

reaction being quenched in the foils. In joining applications using reactive
foils, there is a critical balance between the rate at which the foi
generates heat and tieckepfoilacan b utilized with reactipigmperrehdacre®™ent o t he
surroundi ng braze layers and the joint to be formed. If heat is conducted
away faster géremlivtieddmgyiemesrasietle foikse Fodawithdughviivithatidneeaptiemched and t he
joint cannot be formed. The thicker foils nake it harder to 13 quench the

react i on sbecaugerdnires freigsnaalljaigeablewal bfivlegad ElcadtbrGrheaiz=mnsaide sane
surface area through which heat is lost. Thicker foils can be utilized with

reaction tenpefialiito@se. t Bakledbids, FR\WRimple GANQERAL le¥silye adlRg 14 Recdldoe St abl e
foils. Foils with high formation reaction 5 tenperatures are generally

unstabl e andghid {hbesmd [ IORE %f 9&5&%1:%&%:1 Qﬁl&gf 59&'&1&89) thgt' 1E1fn'teCtHé foﬂt 0 use.

Brittle foils, for exanple, will crack easi leading to | ocal hot spots

(tthrough thecigheass, bqimskoqﬁt(e_g., Bl S e aﬁrﬁ&ﬁm dbhknef gni te the

foil.

are more likely to crack into unusable pieces or igniting during the cutting process.

10 Freestanding thick foils offer the advantage of overcoming problems associated
with thermal shock and densification problems that have presented obstacles in
known processes. Both phenomena relate to rapid changes in the dimensions of the
foils. On reacting, the foils will heat rapidly and will try to expand beyoud the
substrate that constrains them. This leads to a thermal shock and foils that are

15  deposited on substrates can debond, thereby causing inconsistent and less effective
bonding. As the reaction proceeds, the foils will also densify, due to the change in
chemical bond. This densification, can also cause debonding from a substrate and
inconsistent and ineffective bonding. By making the foil freestanding in
accordance with a preferred embodiment of the invention, no debonding occurs, the

20  foil is easily manipulated and handled, and thus the reactive foil is made available

to a greater variety of applications.

in accordance with a preferred embodiment, the thicker reactive foils are

on the order of 50pm te lem thick. Although a number of different systems may be
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Cutting such brittle foils (e.g., for specific joint sizes) is very
difficult to do as they are nore likely to crack into unusable pieces or
igniting during the cutting process. 10 Freestanding thick foils offer the
advant age of overcom ng problens associated wth thermal shock and
densification problens that have presented obstacles in known processes.
Bot h phenonena relate to rapid changes in the dinensions of the foils. On

reacting, the {Rbh%H wkdtt tHRemEk ﬁ@&itéi'lldiﬁrg%%ﬁ% Kilstd Wik yRang beyond the
substrate that Constrains them This 'eads to a thermal shock and foils that

are 15 deposgj T e [ i nsi stent and
| ess effect?5%8§ﬁ3ﬁ%?§§§&$§E?ﬁg&ﬁgégﬁggESBP%§§Q§§¥I%ﬁgﬁ?%?ﬁﬁﬂﬁﬁi| al so
densify, due to change in .chem cal bond. This densification, can also
cause HebondPAEed e B e Par ST oRE SHE RS TRMET BRF RUFPEEL | ve bondi ng.
By malting the foil freestanding in accordance with a preferred enbodi nent
of the i nvertMRFRNIFATRIAHATIYSIHEBeRES SO thabstrepsys Fopam pufligigatly WWihni pul at ed
and handl ed, and thus the reactive foil is nade available to a greater

vari ety of dppfilisatitherfsl a3 henscardemuethesistera Pres the steeds enbodiment , the

t hi cker reactive foils are on the order of 504mto 1cmthick. Al though a
nunber of ditid=eitetiickaystsestss wily thaelriving ferp lfaydetintimatongtat erddhe of hi ck
freestanding reactive foils, a unique process in selecting the fabrication

condi tions fsetsstahe deipbaRellS Y6 kesTbelaaul 000 DEmC atefsat bften SRt acthed. For
exanpl e, deposition conditions such as sputter gas and substrate

t enper at ur e fAme dAEhERE BBEEATRDLYHrEIRES ek B0 filrAAdr oW IthigRG ESey BB dIe Bl | Ciently
lowin 5 the films of the foil as they are grown in the system Since the
stress in the pée‘l bFPtheir substrates or crack their substrates than thinner films, thereby
10 ruining the final foil production. By characterizing the stresses in the films and
selecting conditions to minimize the stresses, the fabrication process can be
completed without the premature peeling off of the foil or the cracking of the

substrate.

In an alternative embodiment, openings in a reactive foil are
15 ntentionally designed in the foil structure. These openings are of particular use in

facilitating and erhancing joining applications.

The foil may be initially fabricated, for f:_xample, with one or more
openings or perforations 22 through the foil structure, as shown in Fig. 4.
Preferably the openings are formed in a periodic pattern, such as a rectangular
20 array, across the foil area. Any known method may be employed to create
openings. For example, sputter depositing of the foil 14 on a removable substrate
with patterned holes may be used. The openiués may also be formed by depositing

the foil 14 onto a substrate, depositing photoresist on the foil, patterning the
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times its thickness scales with the driving force for del am nation, the
product of stress and thickness should be kept below 1000 NNm Stresses
often arise in the filns during the fabrication process. As the filnms grow
thicker, they are nore likely to peel off their substrates or crack their
substrates than thinner filns, thereby 10 ruining the final foil production.
By characterizing the stresses in the films and selecting conditions to

m nimze the;Rtiasd S ;Fhlaﬁahft apﬁﬁtaln@%ﬁ@%@:&%@%ﬁﬁ%ma%ﬂ%g&aﬁ%m thout the
premature peeling off of or the cracking of "tHhe substrate In an

al ternat i ve .opbod ap L o080 @9&@5@&3&&5&&%9 8 BBt onal |y

desi gned In StI’UCt ure e Op I Ngs ar culfar use in

facilitatin n n Ci oi n cati qns oi | rra elnltlall
fabri cared Ipartid Ry Rt OB @m%%m&L SRRt o1 M4 ons 22

through the foil structure, as shown in Fi . _Preferably the openings are
formed in a ¥et00amiceorgaiers e The eﬁe@wealsan@tqr@gwﬁgﬁ}raﬂarmewgav he acr oss t he
foil area. Any known nethod nay be enpl oyed to create openings. For

exanpl e, 5 sputitrestetiEgposiculangparing dieqfadefeal 4 on a renovabl e substrate with
patterned hol es may be used. The openings nmay al so be formed by depositing
the foil 14 onto a substrate, depositing photoresist on the foil, patterning
the 15 photoresist wskhoyahitFig.i4 heghaihys, in a4 Neow pidhe fgtetitiei2uader | yi ng
foil through the patterned holes. A further exenplary technique involves

physical |y pimehhReaaN BSomk Birb@hdtantds, tPix@h86 alsNo WMy 2PEWE Ngs have
effective diameters in the range of 10 -
( through these perforations 22 upon being heated and melted by the exothermic
reaction of foil 14. Upon this extrusion, one layer of joining material 12, or bulk
10 material 10, may contact and couple with another layer 12, or bulk material 10, on
the opposite side of the freestanding foil 14. The patterned perforations 22 permit

enhanced bonding of bulk materials 10 to reactive foil 14 and each other making

stronger and more consistent bonds.

Fig. 5 is 2 microphotograph showing two copper bodies 53, 54 bonded

15 by silver solder 50 that has extruded through openings, e.g. 51 in a reacted foil 52.

'Utilizing one or more embodiments of the invention, a number of
different applications can now be performed more effectively and efficiently. For
example, metalli'c glass bulk matenials can now be joined, where the end product is
a single structure made up solely of metallic glass, including the bond and reacted

20 foil layer. It is also now possible to join bulk materials with very different chemical
compositions, thermal properties, and other physical properties, that historically
presented many difficulties in bonding. Semiconductor or microelectronic devices

may be bonded to circuit boards or other structures, and at the same time, multiple

16



A S,

10,000 m croneters. (The effective diameter of a non-circular opening is the
5 dianeter of a circular opening of equal area.) As shown in Fig. 4, the
openings in foil 14 allow joining material 12, or bulk material 10 in sone
ci rcunst ances, to extrude (as shown by arrows 26) through these
perforations 22 upon being heated and nelted by the exotherm c reaction of
foil 14. Upon this extrusion, one layer of joining material 12, or bulk 10
material 10, may contact and couple with another |ayer 12, or bulk nmateri al
10, on theleeqb‘.m)s}r becrsitgdthet arg it ately sssendied gvitbahe devires The patterned
perforations 22 permt enhanced bonding of bulk materials 10 to reactive
foil 14 andSeatbndicterndrakirngectsinicodegees mayl alsbesealed Siesthaiotllybonds. Fig. 5 is
a m crophot ograph showi ng two copper bodi es 53, 54 bonded 15 by silver

sol der 50 that has extruded through openings, e.g. 51 in a reacted foil 52.

Uilizing one or n%ese%emwﬁsn&a%o%arte*eﬁhaneyoea}lm@ﬁweﬁdﬁm% of different
appl i cati ons can now bé performed nore effectively and efficiently. For

exampl e.  TehaLLLE ol ansaUbk IRbaL) LS 58N ROURS D At . WBLR ! e end

product is € structure gl'ass,” i ncl udi ng

t he bond and rea | is als nom1p055|ble to join bulk

mat eri al’s mﬁ?ﬁm°é?§‘ﬁ%%?%ﬁ%ﬁ?“%%éﬁ?&%?ﬁnﬁﬂﬁﬁ@ itions, thermal properties,

and ot her physical properties, that historically presented many
difficulties in bonding. Sem conductor or mcroelectronic devices nay be
bonded to circuit %ﬁ?‘a‘@f Stiliging epbatimsats it e nvgatiom the pik gaies2lsi me, nul tipl e

16 | eads nag be created that are intricately associated wth the devices.
‘ eing joined may be freestanding. This means that prior to the actual Jomm& of the

bulk materials, the individual bulk substrates do not need any braze layer deposited

directly upon them. Additionally, the bulk substrates do not necessarily require any
10 pre-bonding of the reactive foil or other pre-treatment. The bulk mateﬁﬁs mvolved

may simply be held securely to either a freestanding braze layer or the freestanding

reactive foil at the time of bonding for a strong and permanent joint to be created.

Embodiments of the invention allow bonding at least one bullé thatisa
metallic glass. No braze need be associated with that bulk in the joining process.
15 This is because the reactive foil may be designed to bond directly with a metallic
glass upon reaction. To accomplish this joining process, the reactive foil can itself

react to form a metailic glass.

Embodiments of the invention further allow for superior bonding when
the bulk materials include microchips or semiconductor devices. In the bonding of
20 semiconductor devices to a substrate such as a circuit board, potential for damage to
the device 15 a factor that must be taken into consideration. By using a freestanding -

reactive foil to join such a semiconductor device to 2 substrate, little heat is
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Sem conductor and m croel ectroni c devices may al so be seal ed hernetically.
These joining applications are enhanced by the invention in that potenti al
for heat damage, normally associated with such applications as soldering, 5
brazing, and welding, is avoided or at |east m nimzed. Mreover, utilizing
enbodi nents of the invention, the bulk materials being joined my be
freestanding. This neans that prior to the actual joining of the bulk

mat eri al s, AT PRYY . rat: b e |ayer

deposi ted ErPEhftadl Qe A aling SR B E o8 el e R TRE S, B0 ot
necessarily requisre any .10 pre-bondin f th eactive fpil. or other
pre-treat rre?ﬁm‘%ﬂg{uﬁw QXY?%‘?SJB% es“ﬁ“f’ﬁ%ﬁ%g’ﬁ SU?F%{BS‘?' gvatﬁlégﬁeélloﬁ‘ hcurely to
either a freestanding_braze |ayer. or the freestanding reactive foil at the
time of boneAshgAsSescaLsd PRY: sHsalis dpihearervsItions fEch & WéAkgrddenedALEnbodi ment s
of the invention allow bonding at | east one bulk that is a netallic glass.
No braze nemdybe utbzadciFailed! swich sombeditidmarkndtrontyhier poianitnbgndiegbasss. 15 This
i s because the reactive foil nay be designed to bond directly with a

metal | i G gl 8®se sffbapiedat therombmadce of ], Caland Rl snidbdésnisegapdincfdsto t he
reactive foil can itself react to forma netallic glass. Enbodi nents of the

i nvention fusdchetigidtheanallan ckUpPREl BhaRapsy.ng when the bulk materials
i ncl ude m crochi ps or sem conductor devices. In the bonding of 20

sem conductor devices to a substrate such as a circuit board, potential for

damage to the deviagyi s Adhagt oAb M Haho Akens Locqas] derati on. By
using a free;t andi ng r gact| ve 10l to Joln such a sem conduct or device to a
substrate, !ié&iéés?thp?eaagztibesfo?i%ay have composition patterning properties. The

emnbodiments allow the fabrication of alternating adjacent electrically insulating and

10 conducting regions in the final reacted foil, thereby allowing a multitude of leads to

be bonded and electrically isolated with a single reaction.

In a preferred embodiment of the invention, less energy is required to
perform a joining application utilizing reactive foils. Functionally graded layers as
joining material allow for control over melrmg temperatures through selection of

15 their composite materials. Functionally graded layers may be utilized, for example,
{ because their melting temperature may be controlled. Ni-B films used as joining
material allow for low temperature meiting where the melting temperature begins at
a relatively low temperature and elevates as B diffusss out of Ni, resulting in 2 final
material with a relatively high melting point. By requiring less energy from the foil
20 reaction, the overall heat applied to the total structure to be bonded can be reduced,

thereby mintmizimg damage to the materials to be bonded due te the foil reaction.

In another embodiment, one may include layers of reactive multilayer

braze within the reactive multilayer foil. For example, in a foil comprising reactive
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generated that can be damaging to the device or to adjacent conponents. The
sem conduct or devices nay be situated on the substrate with greater freedom
and ease. As described below, specific foil conpositions, such as Ni/A or
Monel /A, may be utilized. Foils of such conposition are not only far
easier to handle than 5 those of the past, but the conmbination of N, Cu and
Al enables freestanding foils to have a high thernmal and el ectri cal

conduct i Vi t Yiaydena botuceRaive Say@isragat ed of orr B s odEBh 8 indluSe SHCH ridte _
seni conductor” devices, the reactive foil may have conposition patterning

properties. gy eRbodl TR ALY 15 \8TbESELOR.Oh S LEI0BLDg ad) acent

electrically rnsulatin ucting regions i1 n the | reacted foil

t her eby allowjgg a | titude of Ieags]to be Q§Pded and .el ec LHcaIIy

| sol at bd wi tKOAS BT R BHC® 5 B arr ARG ERBAIHERE 6P EhE i nventi on,
| ess energy is.required to performa joining application utilizing reactive
foils. Functadsiemhgreagey rayerddyae feF‘iﬂ"ﬁifWg e @obapatignobigasBie cont r ol

over nelting tenperatures through selection of 15 their conposite materials.
. Funct i onal | ymyitiégedfollapd reachagmbibilayer rezzedermfisrthexemirectivhgeza ddt t hei r
melting tenperature nmay be controlled. NN -B filnms used as joining nmaterial
al | ow for | anat sotpelf-atapegatewlithiomghavodre the nelting tenperature begins at a
relatively | ow tenperature and el evates as B diffuses out of Ni, resulting
inafinal mterial with a relatively high nelting point. By requiring |ess
energy fromthe foil 20 reaction, the overall heat applied to the total
structure to be bonded can be reduced, thereby m nim zing danage to the

mat erials to be bonded due to the foil reaction. 1In another enbodi ment, one
may include |ayers of reactive nultilayer
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braze within the reactive nmultilayer foil. For exanple, in a foil conprising
reactive 18 layers of Al and reactive |layers of Ti, Zr or Hf alloys, one
may i nclude one or nore reactive braze |layers conprising a Cu or a Ni

alloy. The reactive multilayer braze would provide an energy source as the
| ayers mx and formthe joining material, in addition to the energy
provided by the reactive foil. The conbination of reactive 5 nultilayer foil
and reactive nmultilayer brazes pernits the use of reactive brazes that my
not self-propagate without the folBXANEIBSAVPLES The invention nay now be
nore clearly understood by consideration of the follow ng specific

exanpl es: 5 Exanpl eTlde iReadionvesyfraiv se mbreAlleaaln dndérstapdby ovnseldrabiyn edl d rol | i ng
many 5 m sheets of NI and Al that are stacked together. Fig. 6

schenati cal liye folibwWeiagspbaisic ekakyiecati on of the foil 60 by passage of the
stack 61 between rollers 62A and 62B. The sheets can be cold-rolled several
times until the layers are reduced to the 10 desired thickness. Exanple 2

| nst ead i.iizing foils conprised of nultilayers of uniformthickness, a
conpositgi¥%#PE#E used, in which nanolam nate reactive nmultilayers are
deposited onto reactive mcrolamnate foils. As illustrated in Fig. 7

certain sections of_|ayers. ) ;
Reactive ?mls of Al and Ni are formed by cold roliing many 5 pum

sheets of Ni and Al that are stacked together. Fig. § schematically illustrates
( fabrication: of the foil 60 by passage of the stack 61 between rollers 62A and 62B.
The sheets can be cold-rolled several times undl the layers are reduced to the

10 desired thickness.

Example 2

Instead of utilizing foils comprised of multilayers of uniforn thickness,
a composife foil is used, in which nanolaminate reactive multilayers are deposited
onto reactive microlaminate foils. Asillustrated in Fig. 7 certain sections of layers
15 70 within the reactive foil 71 will be of a nanoscale (nanolaminate), while other
{ sections 72 will be of micron-thick layers (microlaminate). The nanclaminate, as
described above, will react easily and the reaction, once started, will self-propagate
along the length of the foil without being quenched by the melting of the
surrounding braze layers or bulk components. Thus, the nanolaminate can be
20 viewed as an igniter for the microlaminate. The section 72 with microscale layers
may not be able to sustain a self-propagating reaction at room temperature, but
when heated by adjacent nanolaminate sections 70, it will sustain such a reaction.

The foil can comprise alternate layers of Al and Ni.

20



is 70 wthin the reactive foil 71 will be of a nanoscal e (nanol am nate),
whil e other sections 72 will be of mcron-thick layers (mcro | am nate).
The nanol am nate, as described above, will react easily and the reaction,
once started, will self-propagate along the |length of the foil w thout
bei ng quenched by the nelting of the surrounding braze |ayers or bulk
conponents. Thus, the nanolam nate can be 20 viewed as an igniter for the
mcrol ampat e The section 72 with nmicroscale layers may not be able to
sustain d Setr-propagating reaction at roomtenperature, but when heated by
adj acent nanol am nate sections 70, it will sustain such a reaction. The
foil can conprise nate ers of Al_and Ni 0 anple 3 In fabricating
t hese conposite f o%?“ TSRu: ge %FOWO%@% Shep's Oféff”é‘gﬁ(t Yo 195EH t he

m crol am nate section and then a nanolam nate foil is vapor deposited onto
ei t her si def@m thhmdcrpiagysiairchen wdshanictanelemirribiolldavinen dengpitesd 86 be
performed 5 through vapor deposition of the full conposite with the

m cr ol am natighdr ayde pthideposahmdteatrucme hFilirghton may elso We pérdartmeidigni ting t he
foil or causing unacceptable interm xing between the alternating |ayers
during deposirbighrapbxdapdigordoAbd RACHinyesitaitH thayedrolffde lageror med that is
simlar to the reactive foils 10 described above, which reacts to forma

netal lic gl agositdd it Smi¥ hidheAes w@ﬂh@@t@grgﬁr\’cet%e faf &r Beahg URRBeRableact i on of its
alternating layers. Through a careful selection of reactants that are know

to be good gl:aaskihobomksn thh ARe 4B Sapbld durh @ UBpRRicAMOT Phous

/
L

Example 4

A reactive multilayer braze is formed that is similar to the reactive foils
10 described above, which reacts to form a metallic glass. This multilayer braze gives
off heat upon a reaction of its altémating layers. Through a careful selection of
reactants that are know to be good glass formers, the braze wiil form an amorphous
ﬁna] product upon reaction, similar to those in commercial use and to the foils
described above. The heat generated by the reacting braze layers reduces the

15 amount of reactive foil required for joining.

Example 5

Certain compositions of foil 14 may react to form amorphous alioys
(metallic glass). Those foils may be combinations of layers of alloys that comprise
Ni or Cu, alloys that comprise Ti, Zr, orHf, and alloys that comprise Al as such will
20 reactto form metallic glass. When using such foils, certain properties may be
attained. Metallic glasses have very good wetting capabiiities. The braze layer

may be excluded when using such a foil to join bulk metallic glass and in such a
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final product upon reaction, simlar to those in commercial use and to the
foils described above. The heat generated by the reacting braze | ayers
reduces the 15 amount of reactive foil required for joining. Exanple 5
Certain conpositions of foil 14 may react to form anorphous all oys
(metallic glass). Those foils maybe conbi nations of |ayers of alloys that
conprise N or Cu, alloys that conprise Ti, Zr, orHf, and alloys that
conprise Al as such will 20 react to formmnetallic glass. Wen using such
foils, cert aimupsapes; phestherfoyl isects atdiajoied. wikethantetalighss esinglbelkver y good
wetting capabilities. The braze | ayer may be excluded when using such a
foil to joi ik ofls aab be pd@sed. and in such a 21 circunstance, once the
foil reacts and is joined with the netallic glass, a single bulk netallic
gl ass may be produced. Exanple 6 A sem conductor or mcroel ectronic device
IS joinedgt, bstrate such 5 as a printed circuit board using a reactive
nulti-laygégg@#%g Fig. 8 schematically illustrates the joining arrangenent
wherein the reactive foil 80 is sandwi ched between solder |ayers 31A and

31B, and the sandmﬁgﬁFis di.s osed.betmegn.tge. cont%%k | e ngé far the
device 83 and the cONFEAPREIE A IR IFIIRRIFEL Y OmAEIE ASPRSTREFEIA pat t er ned
reactive foil is designed so that sone sections_react to form_electrically

conducti Ve raSGireREdAauniheard wEg s ErRIve SHuM-HYRC Bun dik i ssheraigrbhs .

illustrates the joining arrangement wherein the reactive foil 80 is sandwiched
( between solder layers §1A and 81B, and the sandwich is disposed between the

contact lead 82 for the device 83 and the contact surface 84 of the board.

Example 7

10 A patterned reactive foil 1s designed so that some sections react to form

electrically conductive regions and other sections form: non-conductive regions. |

Figs. 9A and 9B schematically illustrate the concept. Fig. 3A shows the
foil 90 before reaction. Fig. 9 B is after the reaction. Regions 91, comprising
alternate layers of Al and Ni, react to form conductive regions 95. Regions 92,

13 comprise msulators, such as S10; or silicon nitride, or alternate layers that react to

form non-conductive regions.

It is contemplated that in use, regions 91 would be registered between
contacts above and below the foil 90 to be electrcally connected through the

regions 95 after the reaction.

20 It can now be seen that one aspect of the invention is 2 method of

making 2 reactive multilayer foil cornposed of a plurality of alternating layers that
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Figs. 9A and 9B schematically illustrate the concept. Fig. 9A shows the foil
90 before reaction. Fig. 9 Bis after the reaction. Regions 91, conprising
alternate layers of Al and Ni, react to form conductive regions 95. Regions
92, 15 conprise insulators, such as SiQ2 or silicon nitride, or alternate
| ayers that react to formnon-conductive regions. It is contenplated that
in use, regions 91 would be registered between contacts above and bel ow t he

foil 90 to , ﬁﬁ&&%k&&&?&iﬁ%}ﬁ%@ﬁ%ﬂgtﬁ cgﬁéggégbhéé%&gfokp LORS: Sapdfder the

reaction. t can now seen aspect e Inventron'is a nethod

of making a reactiyve | tilayer.foil co ed of. a plurality_ of alternating
| ayers t hat va%%%pé’ g g ‘3[&1{5%%4%}3%?18811 ﬁvg‘ﬁ%g%tfﬂ%%gmﬁ}ﬁ %£°1{’he st eps of
provi ding a substrate vapor 2ePosi ting . the alternating | ayers on the
substrate t#&¢BPariRehamuiipyey &l fromthe Sug%atese‘b%‘f%fa@ﬁ@lsg € HPFFaAF ayer foil
fromthe substrate. Advantageously the substrate has sufficient adherence
to the depobissaffidienyedherange tethadeposing limyeiosedur thalpyssdepesi ti on but

i nsufficient adherence to prevent renoval of the nultilayer foil after
deposi t ison. désiinn exanpifBsietthaehdrayce tepresent eanpnl shoneltdsyenfuilefeayer s of

al um num deposited in contact with a silicon substrate. Alternatively, the

substrate g&ositiog! Meen axaeeAt, ididaRirs ¢l ceapeisdiBieairinddre tiye@nf adhesi on materi al
to achieve the proper |evel of adherence. 10 One approach for separating

the multil ay@mitel hefosi@sd ih BEntsdiRathratiRch §uﬁs@:atep@méhﬁﬁv@¥,_stﬂ@§%§t?ét@ with a
sacrificial |layer (or make the entire substrate a sacriticial
( can mclude a coating of release material or an adhesion material to achieve the

proper level of agherence.

10 One approach for separating the multilayer foil from the substrate 1s to
provide a substrate with a sacrificial layer (or make the entire substrate a sacrificial
layer) that can be etched or peeled away from the foil after deposition. Exemplary

materials for a sacrificial layer include copper, brass and photoresist.

The vapor depositing of the layers is preferably by physical vapor
15 deposition such as by magnetron sputtering or electron beam ¢vaporation.
{ Advantageously the substrate is cooled during the vapor depositing to reduce
mntermixing of the alternating layers, to reduce energy losses and to reduce stresses
in the deposited layers. Advantageously the layers are deposited to form a
multileyer foil having a thickness in the range 50 um - I cm. Foils thus made with

20 athickness in the range 10um to lcm can be used as freestanding foils.

Another aspect of the invention 15 a method of bonding a first body to a
second body comprising the steps of providing a freestanding reactive multilayer

foil, pressing the bodies together against the foil and igniting the reactive foil. The
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| ayer) that can be etched or peeled away fromthe foil after deposition.
Exenplary materials for a sacrificial |ayer include copper, brass and
phot oresi st. The vapor depositing of the layers is preferably by physical
vapor 15 deposition such as by nagnetron sputtering or electron beam
evaporation. Advantageously the substrate is cooled during the vapor
depositing to reduce intermxing of the alternating |ayers, to reduce

energy |l osses .and to reduce stresses ..in the deposited | rs. .

Advant ageoué@"’g}tea%‘éIE FayBf m&”@%‘é%ﬁ%ﬁ‘idéﬁ %FE%&PWFS&CMFFEIIF?I%%@IWI havi ng a
thickness in the range 50.tm- 1 cm Foils thus nmade with 20 a thickness in
the range 1@wriRbilaxehte iin B badiss togsther SEETRAYIEIgthe sFacEon preeidhef thigspect of
the invention is a nethod of bonding a first body to a second body

conpri si ng fdyersstaepiseldbe hregeintigngptena.r @esoerdh nfthe badits sam bsul ti | ayer foil,
pressing the bodi es together against the foil and igniting the reactive

foil. The Zemiconducest ok aiitroclatirdtid devitRi. eTHeahethdd Ishartratiles or nelt an
associated neltable {joining material) layer to join the bodies together.

Al ternat} velaxvan&ﬂ%oﬁse@€1§diﬁﬂg BEREUGYin@ ol iBients BY BlefmAaRpirds28] Fhibg the | oi ning
material. One or both of the bodies Gan be sem conductor or m croel ectronic

devi ces. The, d.i Lcularly 5 advant ageous for joining bodies having
2090 b3 RALL LEH

coefficients © rmal eéxpansion, which differ by 1 miniC or nore. In an
alternative enbodi nent, a reactive nmultilayer foil includes a plurality of.

openi ngs through the thickness of the foil. The gpenings are preferably
peri odi ¢ over the figi¥® aFEatvesRRaduaFL S Rydve Ay qrécpl?mﬁhlﬁ?sm ed or they can

be filled
plurality of openings through the thickness of the foil. The openings are preferably
periodic over the foil area. These openings can be left unfilled or they can be filled
10 with meltable materials, propellants, or other materials that will change or react on

heating when the reactive foil is ignited.

Such apertured foils can be made by providing a substrate having a
surface including a plurality of preformed openings, bumps or particles of thickness
(or depth) comparable to or larger than the thickmess of the multilayer foil to be
15 deposited, depositing the reactive. multilayer foil, and separating the resulting

{ apertured multilayer foil from the substrate.

Altemnatively, a reactive multilayer foil can be deposited on a subs‘tfate,
patterned by a removable masking layer, and etched to form a plurality of holes.
The apertured foil can then be removed from the substrate. Yet further in the
20 alternative, a continuous foil can be formed and holes can be formed in the

continuous foil by mechanical pressing.
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10 with neltable materials, propellants, or other materials that will change
or react on heating when the reactive foil is ignited. Such apertured foils
can be made by providing a substrate having a surface including a plurality
of preformed openings, bunps or particles of thickness (or depth)
conparable to or larger than the thickness of the nmultilayer foil to be 15
deposited, depositing the reactive nultilayer foil, and separating the
resulting apertured nultila¥er foil fromthe suhstrate. Alternatively, a
reactive mul til ayer IHeAPEITREH 18l haupgsimneray sPpliceaps tybpnding. Aatdihed by a
renovabl e masking |ayer, and etched to forma plurality of holes. The
apertured fdpil perdaraed by apdurpline) epenings in dispesaslisvecatadirstead afsegonfier in the 20
alternative, a continuous foil can be forned and holes can be forned in the
continuous ftet)y. Hyhatedyamited! isploessitide b the THE aapeiritereittabloidysr drave an

i nportant application in bonding. A reactive foil perforated by a plurality

of openi ngs cygtirfdl TRAHBEIHEHME Shtdial |sa%b @BREsed 1epRRAthe Hoaty. Thé the body
material is not neltable by the foil, a separate neltable layer or coating

of el tabl  yodle0biig MLl aherla3afli ﬁh%g@ﬁﬁﬂ%ﬁ%ﬂ@m Ienbpdizes. The 5

- bodi es are pressed ‘toget hér agai nst the joining material) and the

foil is ioniied.a el LOLAn9 Fehl Al P aTol LSk ek ol fLove wi thin

and t hrough opentrngs=<in 0 join Ies. IS approach

: d haracteristi.c joint. (. with ductilit hanci ng .hr.i.d th h
Phe. openi ng@Perst § feapid it - aban: heBue ThBIE-ENE BF BELHUoH o5 aro

sem conduct or, .0 ].croel ectroni c . . )
( with ductiity enhanc?ng bn&ges through the openings. Itis especially

advantageous where one or both bodies are semiconductor or microelectronic

10 devices or where the devices have CTEs that differ by more than 1pm/m/°C.

A third type of novel reactive foil is a composite reactive multilayer foil
in which the individual layers in the foil differ in thickness or in composition, on
moving across the total thickness of the foil, to achieve advantageous results. One
exemplary composite reactive multilayer foil comprises a first section with a

15 plurality of relatively thick reactive layers, e.g. 1pum to 10um, stacked on 2 second
section with a plurality of thinner reactive laﬁers(e.g. 1-1000 nm). The section with
the thinner reactive layers ignites more rapidly than would the section with the
thicker reactive layers. But as ignition spreads across the thinner section, 1t ignites
the thicker section to produce a more uniform ignition and higher heat. Similar

20 results can be achieved by variation of the foil composition in the thickness
direction. Compositional vanations can provide one set of layers whose reaction
product provides joining material and another set of more reactive layers for

igniting the first set. Compositional variations can be achieved, for example, by



10 devices or where the devices have CTEs that differ by nore than 1gm n C

A third type of novel reactive foil is a conposite reactive nmultilayer foi
in which the individual layers in the foil differ in thickness or in
conposition, on noving across the total thickness of the foil, to achieve

advant ageous results. One exenplary conposite reactive nultilayer foi
conprises a first section with a 15 plurality of relatively thick reactive

| ayers, e.g. 1lmto 10 stacked on a second section with a plurality of

t hi nner reacdtPVé tﬁ%@@%ﬁsé’.& W%‘i’é‘o"ép?ﬁ 951%msa8%qrgﬁﬁ“\)ﬁl{g'ﬁe°h5ﬁéest hi nner
reactive layers ignites nore rapidly than would the section with the

t hi cker readtdN@oVayeHSaBut as ignition spreads across the thinner section,
it ignites the thicker section to produce a nore uniformignition and

hi gher heat. Simlar 20 results can be achieved by variation of the foi
conposi tion in the A lfowhnpssof ndiveleedctionfoilCarp asijdr sarfate area taatrosst’s can

provi de one set of |ayers whose reaction product provides joining naterial

and anot her ogetlefdt twDdiefefeaBREINE dna¥emdref Mt redi6fd Whid willgeati b Fomset .
Conpositional variations can be achieved, for exanple, by 25 varying the

process par QuBtehsy (AR MASRO s bldd: hb 2GSRBS s Wiidh &I ques  wel |-
known in the art. "A fourth type of novel reactive foil has a major surface
area conpos - Ate | i eqi . . LI st regions
which w il ?g%dél?&{% %ugg?ﬁ‘ﬁisftr%\?aecﬁlgr%lﬁ%l %10% ué(;ct%lnﬁgaﬁrrleﬁ3 ﬁe(%‘{zgqrrﬁg‘tﬁ%ﬁr one or nore
second regigns. which are n onductive.. Such foil r.e rticularly useful
in connecti ﬁ{géggl\é\ér}‘icgroﬂﬁ tﬁ?‘f %g%ae%tieg%"m%fe@%lf' Feegpa tis)‘n?‘at(ijl S a‘f‘)ge ‘ils%oﬁ%dgt rate

havi ng receivin ontacts. faoil can_ b i sposed
4 9 Ibetwegn 813 r&e:v:me and the stgjstratc u[}th tﬁ'\e gevipe contacts, the contacts of the

substrate and the first regions of the foil all in registration. The device and substrate
10 are then pressed against the foil, and the foil is ignited to bond the device to the
substrate with the respective contacts conductively connected and the other regions

non-conductively bonded.

While preferred embodiments of the invention have been described and

llustrated, it should be apparent that many modifications to the embodiments and

15 implementations of the invention can be made without departing from the spirit or

( scope of the invention. While the illustrated embodiments have been described

generically referring to the joming of bulk materials, it should be readily apparent
that any materials that are to be coupled (permanently or temporarily) together
through soldering, brazing, welding or other kmown technique can be coupled

20 together utilizing the invention. Materials such as metallic glasses (e.g., amorphous
glass), metals (é.g., Cu) and alloys (e.g., stainless steel), polvmers, ceramics (e.g.
SiC), composites, semiconductors, and numerous others in various combinations.

The scope made available as a direct result of the advantages derived by joining
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bet ween the device and the substrate with the device contacts, the contacts
of the substrate and the first regions of the foil all in registration. The
devi ce and substrate 10 are then pressed against the foil, and the foil is
ignited to bond the device to the substrate with the respective contacts
conductively connected and the other regions non-conductively bonded. Wile
preferred enbodi nents of the invention have been described and illustrated,

it should be apparent. that. many nodifications to the e di mrents.and 15

i mpl ement at F@%E‘a%fu%?lﬁ’&g?ﬁ%@ﬁﬁ%ﬂ Ty ff?éﬁ%ésc%eﬁ% g ?itg% WPW&O Ti"om t he
spirit or scope of the inyentigon. \Wile the illustrated enbodi nents have
been descri Héd 2peRetET AT T bRafI8E P FgPIED AL i tRPIPYS I UHEPKCORKt eri al s, it
shoul d be readily apparent that any materials that are to be coupled

( per manent | Yowling efhrpsreshipsy) crogidioasls onemeoughmEssddei ng, brazi ng, wel di ng
or other ]nown technique can be coupled 20 together utilizing the invention.
Materials such as netallic glasses (e.g., anorphous glass), netals (e.g.,

Cu) and all oys (e. rhe stindluslvesbtosii€ek the silsys®ihhg retianiCle tRcte Si C),
conposites, sem conductors, and nunerous others in various conbinations.

The scope NMBAR 2R Jrahed aspadifbhi® alay HESM fonafoffeﬂaggmrag@%ﬁxp&@ri ved by
joining 26 materials utilizing the invention range fromlarge scal e bondi ng

of (51 . 3T Mkchty Feop Al sbaledion A5l b, DRAloRG: Banbft Bllgopoatings to

tool bits, to mcradscopic m crochips to circuit boards on a nano
or m croscale, T]lf; St d. Lniti,at.e the self-s i_ping reaction in
the reacti Vlg%m':')a %ﬁ ést&'g%{ lt#%ueﬁgﬁeelfuégffaée e@%&%?&ﬁ%ﬁ%ﬁ? %&%ﬁ%asf orm of energy
such as the afapqpeg% an environment of air at room temperature, it should be readily apparent

that the invention may be practiced in other environments including vacuum, argon,

10 water, etc.

Ii shouid be readily apparent that the quantitative data {e.g., reaction
velocity, peak temperature, heating rate, etc.) of particular embodiments may easily
be modified by varying elements of the reaction (e.g., varying composition of
materials A or B, thickness of layers, total thickness of foil, or braze layer

15 compositior/thickness).

.&;thhough the-embodiments specifically illustrated herein depict joining
materials in the form of two sheets forming a sandwich around a reactive-foil (as
shown, for example, by sheets 12 and foil 14 in Figs. 2 and 3),' it should be apparent
that any number of sheets (or other structures) of joining materials may be used,

20 including a single layer wrapped aroﬁnd reactive foil 14 or joining materials
attached to the bulk components. In accordance with a preferred embodiment, no

layer of joining material at all may also be used. For example, metallic glass bulk
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froma sharp stylus, spark froman electrical source, heat froma filanent,
radiation froma |laser, etc. Although the illustrated enbodi nents have been
described as applied in an environnent of air at roomtenperature, it
shoul d be readily apparent that the invention nmay be practiced in other
environments including vacuum argon, 10 water, etc. ii should be readily
apparent that the quantitative data (e.g., reaction velocity, peak
tenperature, heating rate, etc.) of particular enbodinments may easily be
nodi fi ed by wzatariahgnesdlbnglssreaftivefels; exoth may beuisd in yeamiyg sgplcampesi ti on of
materials A or B, thickness of |ayers, total thickness of foil, or braze

| ayer is conpasbitthatdenif¢dinmgsnateril (dplghze)he enbodi ments specifically
illustrated herein depict joining materials in the formof two sheets
form ng a sandwi ch around a reactive foil (as shown, for exanple, by sheets

12 and foil .14 in F'm&eoeeramo?egh thk Hp3RAYS Qmp@a]ﬁﬁaeéhmtomﬁmge@% nunber of

sheets (or other structures) joining materials may be ‘use 20 |nclud|ng

a single |l ay eactlvefOII 14 or materla

attached to ?ﬁéﬂf%%ﬁ%%@oﬁpﬂ%em WEREN e BT maret i 40 E}?@? Bl hbodi ment
no |ayer_ of 0| n| rial used. . Far. exarrpl e, netallic
gl ass bulk h&FOFWé"tBHP %erb?aé‘g’g gﬁ@ttp bieesivedrilfot h may be used
in joining appli catl ons Wi thout the use of joining material (e.g., braze).
Mor eover, al BeoEARACE WEh fiell&nfighed enbodi ments have only utilized two
different materials AS as alternating layers in a reactive foil, it should -

be apparent
{ In addition, many of the preferred embodiments disclosed herein (e.g.,

patteming foils, perforations in the foil, etc.) make particular use of freestanéing
foils, it should be readily apparent, however, that these embo_diments and other

16 aspects of the invention may be implemented without use of freestanding foils.
Furthermore, it shouid be readily apparent that the intentionally designed openings
in the reactive foil surface may penetrate through any number of layers in the foil,
although it 1s preferred that the entire foil structure be penetrated as shown, for
example, in Fig. 5. The openings, while depicted in Fig. 4 as circle-shaped holes

15 22, may be any single (or combination) of shapes forming one or more pattemed

{ structures on the reactive foil. The openings ray be formed vertically 1 the

direction normal to the layers of the reactive foil, or be formed at one or more

angles through the layers of the foil.

Thus numerous and varied other arrangements can be made by those

20 skilled in the art without departing from the spirit and scope of the invention.



5 that any nunber of material |ayers can be utilized to forma reactive foi
in accordance with the invention. In addition, many of the preferred

_enbodi nents di sclosed herein (e.g., patterning foils, perforations in the
foil, etc.) make particular use of freestanding foils, it should be readily
~apparent, however, that these enbodi nents and other 10 aspects of the
“invention may be inplenmented wthout use of freestanding foils.

Furthernore, it should be readily apparent that the intentionally designed
openings |.n the reactive foil surface may penetrate through any nunber of

| ayers in baglﬁéﬁﬁFEialthough it is preferred that the entire foil structure
be penetrated as shown, for exanple, in Fig. 5. The openings, while
depicted in Fig. 4 as circle-shaped holes 15 22, nay be any single (or

conbi nati on) of s 3@ Sr b g'}gﬁrgcggd)?{o AWREdnd Bady! &Jn%@ing%ﬂe{shﬁ@& yf.es on the

reactive foil. The openi ngs may ormed vertically i'n di rection
normal to the |ﬁwaﬁné)ifréégﬁndiﬁ%ﬁa&mn{lmijlhyergﬁl; be forned at one or nore
angl es through the |l ayers of the foil. Thus nunmerous and varied ot her
arrangemnent s cadisposingrthd érebytaridinggeacti 20mslkiialyérefdil betwedrathafitst wodylaadithedegpad t i ng
fromthe spirit and scope of the invention. 2g Wat is clained: 1. A nethod
of bondi ngbalyfirst body to a second body conprising the steps of:
fabricating a freestanding reactive nultilayer foil; disposing the

freest andi ng r eHesing ghechppiep fogotber against edpike®d the first body and the second

body:; igniting the reactive foil.

2. The method of claim 1 wherein at least one of the bodies is a semiconductor or

microelectronic device.

3. The method of c¢laim 1 wherein the reactive multilayer foil has a thickness in excess of
10pm.
4. The method of claim 1 wherein the bodies have coefficients of thermal expansion differing

by at least 1 pm/m/°C.

5. The method of claim 1 wherein the first body comprises metal and the second body

comprises ceramic material.

6. The product made by the method of claim 1.

7. A method of connecting a semiconductor or microelectronic device having one or more

electrical contacts to a substrate having one or more receiving contacts, comprising the steps of:
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pressing the bodies together against the foil; and igniting the reactive
foil. 2. The nethod of claim1 wherein at | east one of the bodies is a

sem conductor or mcroelectronic device. 3. The nmethod of claim1l wherein
the reactive multilayer foil has a thickness in excess of 10m 4. The
‘nmethod of claim1 wherein the bodies have coefficients of thernmal expansion
differing by at least | pminiC. 5. The nethod of claim1l wherein the first
body conprises netal and the second body conprises ceramc material. 6. The

product made by.the nethod of cl ai . A net hod of connectin
seni conduct or (S[FSP?ﬁ"tgrlt?é‘V"é’Bfliecﬂ’?i‘"c‘fe ﬂ?ﬂf%%@bﬁ%? Gligelyl ngltilgysr foil comp gfeﬁlogglpe

fhe. ot ops SO raé@if t&i‘%éi% RSP iR By LB O SRR T B B P e
mul til ayer, lfnf&'ré seEG va‘flchoe{i'gn?q yoriHaEt?vefo‘r teabt (b REHAR-cbh tn&@iﬂatéﬁ&‘:t

exot herm ca eI ectrica conductive regions an

second regi ons ré’é%lté‘rhi MERNRABE of RRALGLEL, MR cBhtadt8Ghe fuBsifddd é’Hd'%ﬁ’é‘ﬁl‘éﬂ@QH&tdee
material; registering the contacts of the device, the contacts of the

substrate taddilf he first regions of the foil; pressing the device and the
substrate together against the foil; and igniting the foil. 8 A nethod for
bondi ng a fi r stprdagioytht dedcsadalindsubdie togtipr bgimsgthe Hial, st ps of .

igniting the foil.

8. A method for bonding a first body to a second body comprising the steps of:

fabricating a freestanding reactive multilayer foil comprising a plurality of successive
exothermic reactive layers that react to form a joining material;

disposing the freestanding reactive multilayer foil between the first body and the second
body;

pressing the bodies together against the foil; and

igniting the foil.

9. The method of claim 8 wherein at least one of the first and second bodies comprise metallic

glass.

10. The method of claim 9 wherein the reactive multilayer foil comprises alternate layers of

alloys that, after reaction and cooling, are amorphous.

1. The method of claim 9 wherein the reactive multilayer foil comprises alternate layers of an

alloy comprising Ni or Cu, an alloy comprising Ti, Zr, or Hf, and an alloy containing primarily Al.

12 A method of bonding a first body to a second comprising the steps of:

fabricating a freestanding reactive multilayer foil;
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fabricating a freestanding reactive nmultilayer foil conprising a plurality
of successive exothermc reactive |layers that react to forma joining

mat eri al ; disposing the freestanding reactive nultilayer foil between the
first body and the second body; pressing the bodi es together against the
foil; and igniting the foil. 9. The nmethod of claim8 wherein at |east one
of the first and second bodies conprise netallic glass. 10. The nethod of
claim9 wherein the reactive multilayer foil conprises alternate |ayers of

alloys that, after reaction d cooling, are anorphous. 11. The t hod of

L a9 wher o PTG DAt P e RGFEERteyB G oILBTGE et ne e b AE e e of
an alloy ¢ i.sin | ~0 , alloy. conprising Ti, Zr, or H, and an

al | oy contlgﬁeﬁngilge%‘ﬁ?ﬁq}&g?ﬁ'isglboﬁlgl.an@%s OPT%F(H%d of bonding a first body to a
second conpri si : ok j binghdBoibl, A reactive nul ti

| ayer foil; SSH%?é%gg?hgpfﬁgé??gggﬁgﬁﬁﬁﬁgg}Zgbfgséﬁnﬁﬁﬁﬁ ayer foil and at

| east one | ayeligiing e teattlve fhiPlothdihe JHRLRY hatridet ween the first body and the
second body; pressing the bodies together against the foil and joining
material; and igniting the reactive foil to nelt the joining material. 13.
The met hod of claim 12 wherein the joining material is coated on the foil.
14. The neBhod Tot methaid of d2inwkiewhdrein thegoinmig mategiahis ceat¢dadn the fofilr eest andi ng. 31

14. The method of claim 12 wherein the joining material is freestanding.
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