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bondi ng”. Ipfovides for batch-processing miniaturised silicon devices of great diversity, for
example micropumps, accelerometers, pressure sensors and microactuators. Many
micromechanical devices comprise several micromachined components, each
compoﬁent being formed from bulk crystaliine silicon. Assembly of such devices often
20  involves joining parts of silicon wafers, cbmprising bulk crystalline silicon, tegether in a
spatially precise, clean-room compatible manner, Silicon wafer bonding technology is
therefore an important aspect of device manufacture, for example to ensure that

assembled and packaged devices maintain operational reliability. _

25 Many microfabricated devices incorporate electronic circuits, for example circuits to
perform in-situ signal processing or provide drive signals for operating the devicks.
For many applications, the circuits have to be protected from an environment in which
the devices are to be used. Such protection is conventionally achieved by
encapsulating the devices in respective packages which are sealed by forming a
30 package hermetic seal under vacuum conditions.

There are presently two dominant conventional bonding processes for bonding
silicon-based components together, namely “direct bonding” and “anodic bonding”. In
direct bonding two or more components, comprising bulk crystalline silicon, are



di rect bonding two or nore conponents, conprising bulk crystalline Siﬂ‘-ECA‘PF"”Bm
are C8 APR 2004 WD 01/44140 -2 PCT/ GB00/ 04552 assenbl ed so that the i
surfaces to be bonded are in contact with each other. Heat is then applied

to the apgesisgconponents so that the associ ated surfacei, &?ﬁl&nﬁ) hond.
For many applications tenperatures approachi ng 1000C are & W1 or e

the bond can be fornmed. In contrast, anodic bonding is often enployed to
form bonds 5 between silicon and sili ca fgQnponents. It i nvol ves mating a
polished surface of a silicon conponent to that of a silica conponent to

be j oi ned toget | yi igh el ectric field
Pt brface PSTRTROSH R et I8 ufEREs 1a B poaded Bretincmnta with saEh @hes Hasde « he
surfaces thenoapplnd & el s&sehitle ColppAeds béd“%hait thé sz@BS?&?d%ﬂgﬁﬁQ@g iﬁce

bondi ng, heati E!%ﬁthe conponents enhances bondi ng streng ac
t her ebet weBfNd- ANy @ppkications tamperatuaes BPIERNING NEEOYS ase dequiredimeforebov e

onti rety e SpHAARe iRl K oriagh aREE BoDRRS it Srel e PRER e RornBansi ¢ e
for anddi cbétweennsiicannamhsiics icotngonenits,  Ielimalvesninatidd aCpdliehiéd Sufase @pla

capabl e of w thstandin nneal i tenperatures used I n direct bonding and
hi gh el ect?'ﬁm?,onf P@’i“cﬂ"’EPg‘engE’Pﬁé pﬁww FAMRABENttonBAJPINGd tepetheniang then

! . . . f
i nt er connegspiAing a ﬁg{?neﬁelc:tﬂbtﬂiz‘?& %Fﬁg%imﬁﬁéﬁ eCformBd Wifers 3hé suﬁ?@es (@

exanpl e, whereas hi electric can damage or 1onise silTconnrtride
or sili conthgreby mutugily pelarising theagwaces do foraxamplestrostatie bord at theridferfgce.

- / . . dic 20 di o FOTIN
n cort a g cafedi Buldid,  ReRid ang SaRBre s Preges " BafiBandienathor
exanpli® f cachiévabiethehebetdlesrccel eroneters which are to be subjected to peak

accel eration forces in excess of 25000g. A demandi ng application for
encapsul ated m crofabricated m cronmachi ned devices is 25 in biological

envi r onnergethwitiesel dsiventis j i0sd ' '
fluids. Providing prot gc?i orﬁl ?é?&?%g?%%éﬁi%s%flgédpgﬁ‘{ycﬂfgrg?ﬁaﬁggﬁggﬁt for

saf et y- cr ithatile coppenants need tavherhealrs incthelrgnticety fomdirest bopdingl andahigh, f or
CHTTE) S| B B SRR 1A APARIACO0RRGC 1 o) il “Blbronc
15 circuits are not capable of withstanding annealing temperatures used in direct bonding
and high electric field strengths applied in anodic bonding; aluminium interconnections
cannot withstand temperatures in excess of 450 ° C for example, whereas high
electric fields can damage or ionise silicon nitride or silicon dioxide dielectric layers for
example, Moreover, bonding strengths provided by direct bonding and anodic
20 bonding are insufficient in certain dévice applications where high reliability is
paramount, for example for micromachined accelerometers which are to be subjected

to peak acceleration forces in excess of 25000g.

A demanding application for encapsulated microfabricated micromachined devices is T
25 in biological environments where there are, for example, cormosive biological body
fluids. Providing protection from such fluids is particularly important for safety-crit?l’:al
applications where device failure cannot be tolerated, for example in amicrofabricated
pace maker arranged to provide heart stimulation. A conventional approach for
protecting electronic circuits for use in biologicql systems is to encapsulate them
30  within welded titanium boxes, titanium being a biocompatibie material which biological |
systems accept by forming a layer of cells thereonto which thereby aveids biological
rejection problems.  This conventional approach was developed in the 1960's and
1970's where, even in that era, hermetic seals were of a sufficiently high quality to
realise a remarkably low failure rate; J Buffet in an article in Medical Progress in
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Silicon welding has been previously investigated during the 1960’s and 1970's and is
reported in an article by H Foll and DG Ast in the proceedings of the Ninth
20 Intemational Conference Electron Micrbscopy, 1978, pp. 428-429. It was quickly
abandoned as a reliable process for bonding silicon components because:
(a) welding of silicon compenents requires them to be heated to an elevated
temperature, namely bulk crystalline silicon has a melting point temperature of
1414 ° C which means that silicon componeﬁts to be bonded by conventional
25 siicon welding have to be heated to this temperature; such a high melting bbint
is incompatible with other microcircuit parts, for example aluminium metallisath:n
in an integrated circuit cannot withstand temperatures in excess of 450 °C;
(b) silicon is a brittle material and exhibits a high thermal budget for making it fuse
during welding; this greatly increases likelihood of fracture from thermally induced
30 stresses.

It has been reported, by Goldstein in Appl. Phys. A62, p 33-7 (1996), that
nanocrystals of silicon, comprising porous silicon, meit at lower temperatures than
bulk crystalline silicon. Melting temperatures as low as 200°C, for 4 nm diameter
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15  Dbiclogical and medical application.

It is an objective of the invention to provide new bonded products and methods for
fabricating such products that reduce the above mentioned problems. It is a further
objective of the invention to provide new bonding materials for use in bonding

20 methods.

According to a first aspect, the invention provides a method of fabricating a bonded

product comprising at least two components that are bonded together, the method

comprising the steps of: - .
25

(a) bringing the components together; and

(b} heating the components;

30 wherein at least one of the components comprises ananomaterial and wherein steps
(a) and (b) are performed in such a manner that the components are bonded together

by heating at least part of the nanomaterial.



According to a first aspect, the invention provides a nethod of fabri(gpg\;bﬁngm
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one of the conponents conprises a nanomaterial and wherein steps (a) and
~(b) are perforned in such a manner that~ghe conponents are bonded toget her
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nanocrystalline material; the nanocrystalline nmaterial conprising crystals
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preferably at |east one of the conponents conprises bulk crystalline

silicon. 2% Preferabl t. |l east _.one of the nents conpri ses a
seni condu c?PHB.'en%‘frBﬁ%‘I ?a( tpr%lxrgentlon. a nanomater?a Erspgeﬁned as a m;terial comprising

wires or particles having at least one dimension in a range of 1 nm to 20 nm. The
15 nanomaterial may comprise a nanocrystalline material; the nanocrystalline material

comprising crystals having a smallest dimension in the range 1 nm to 20 nm.

Preferably the nanomaterial comprises wires or particles having a smallest dimension
in a range in which fusion temperatures of nanocrystals of the material are lower than
20  corresponding bulk crystalline material.

Advantageously at least one of the components comprises asemiconducting material;
more preferably at ieast one of the components comprises silicon; yet more preferably _
at least one of the components comprises bulk crystalline silicon.

25
Preferably at least one of the components comprises asemiconducting material; more
preferably at least one of the components comprises silicon.

Advantageously the nanomaterial comprises a semiconducting material, more

30 preferably the nanomaterial comprises silicon; yet more preferably the silicon
comprises porous silicon; even more preferably the porous silicon has a porosity iﬁ
the range 30% to 90%.



preferably at |east one of the conponents conprises silicon. Advant ag;g,ﬁl o
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of the conponents by: (i) taking a sanpge of silicon, and (ii) anodising
at least part of said silicon to formporous silicon. 5 1In this way porous
silicon may d on the surface of a.co t tqg be 6 bonded.
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10 Advant agdisen ity fasmeporpus sibeompri ses the step of passing an electric
current through at |east part of the nanomaterial; nore preferably step
(b) conprises the step of passing an electric current through at | east
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The use of two electrodes nmay further restrict current flowto the region
bet ween the el ectrodes. The use of a 20 sem conducting material, as opposed
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and 80 seconds; yet more preferably step (b) comprises the step of passing an
electric current through the nanomaterial and the or at least two of the components.

15 *
The passage of an electric current allows heat to be applied at a particular location.
Heating occurs preferentially at the nanomateriél, due to its relatively high electric
resistance, and not in the surrounding region. The use of two electrodes may further
restrict current flow to the region between the electrodes. The use of a

20 semiconducting material, as opposed- to an insulator, opens the way for such

electrical heating.

Porous silicon exhibits lower thermal conductivity than bulk crystalline silicon. Bulk
silicon has a thermal conductivity of 150 W m™' K ', whereas porous silicon exhibits - -
25 thermal conductivities in a range of 140 Wm ™ K- to below 1 Wm* K" depending
upon porosity and associated nanocrystal diameter. Reduced thermal conductivit;? is
beneficial because it allows higher localised temperatures to be achieved in porous

silicon using electrically resistive heating.

30 Porous silicon also exhibits a higher electrical resistivity relative to bulk crystalline
silicon, localised heating for reliable bonding is achievable for lower electrical energy
inputs compared to that required for bulk silicon components devoid of porous silicon.
This provides a benefit that the components do not need to be heated to as high a
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a manner that, once bonded, 25 they are suitable for inplantation into an

ani mal or WE‘@FEHRP%%O’F{BES p%&lﬁﬁ%%bﬂ%nkggeuﬁcal product and the method further
15 comprises the step of forming and arranging the components in such a manner that,

once bonded, they are suitable for oral consumption by a human or animal.

Advantageously the bonded product is a pharmaceutical product and the method
comprises the further step of forming and arranging the components in such a manner
20 that, once bonded, they are suitable for administration to a human or animal in the

form of a suppository.

Preferably the bonded product is an implant and the method comprises the further
step of forming and arrangrng the components in such a manner that, once bonded,
25 they are suitable for tmplantatlon into an animal or human body; more preferably the
bonding is performed in such a manner that, when the components are :mplanted,%
‘hermetic seal against animal or human body fluids is formed between the bonded

components.

30 Advantageously the method comprises the further step of forming an integrated circuit
in one of the components, more advantageously the integrated circuit is a silicon

integrated circuit.
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may be ger f Advantagebusiglstdp (b cymprised theptembfiieating itie Aarooralen) bycadiatieg ond
aspect, the invention Frov des a onded product conprising fused

nanonat er i e ARAPRAtELA qsﬁrﬁﬁ’éﬁm&t | east part of the fused nanomateri al

formse a bond between a first part of the bonded product and a second part
of the bonded product. 20 Preferably the bonded product conprises a

seni conductAtleastopeiaiithe camponants may e migiemaehinedbermpengnt.conpri ses
silicon; yet nore preferably the silicon conprises bulk crystalline
silicon and/or polycrystalline silicon and/ or porous silicon.

Advant ageou‘ﬂieymtehmdflsl sprmanlarnmlm incthe Cabnjeaticre of harsled pnemmtsgmapﬂidimg]e

silicon, nore 25 a nt ageo t he fused nanonater rises fused
pi)rl)us si | |"E[9FPm?9"@'f F?Pfteﬁ'% ﬁhﬁdé&eg?'ﬁ?d'e'tc %@’H‘mpﬁ%’é t:"é?ﬁy ut i on
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because the method may be performed at relatively low temperatures.

15  According to a second aspect, the invention provides a bonded product comprising
fused nanomaterial characterised in that at least part of the fused nanomaterial forms
a bond between a first part of the bonded product and a second part of the bonded
product.

20 Preférably the bonded product comprise's a semiconductor material, more preferably
the semiconductor comprises silicon; yet more preferably the silicon comprises bulk

crystalline silicon and/or poiycrystailine silicon and/or porous silicon.

Advantageously the fused nanomaterial comprises fused nanocrysatlline silicon, more

25 advantageously the fused nanomaterial comprises fused porous silicon.

Preferably the bonded product has a form and composition such that it is suitable for

oral consumption by an animal or human body.

30 Advantageously the bonded product has a form and composition such that it is

suitable for inclusion in a suppository.

Preferably the bonded product has a form and composition such that it is suitable for

implantation in an animal or human body; more preferably at least part of the fused



30 Advant ageously the bonded product has a form and conposition such ttHat?p 2
it is.suitable for inclusion in a suppository. Preferably the bonded

pr oduct m and conposition such that it is suitabl <
I mpl ant ap?ggﬁiu;ﬁgn ani mal or human body; nore preferably gglfl"géaoso{m%’ézrt of
the fused 0 8 APR 1004 WD 01/44140 PCT/ GB00/ 04552 nanomaterial is arranged
~such that, when inplanted, a hermetic segl, against animl or human body
fluids is formed between the first and second parts of the bonded product.

5 The bonded pr oductl, may further conprise a rri‘gr omachi.ned conponent. The
bonded pr JHICMAARIA! SafAN9ed skiph Fﬂﬂ‘g@’ﬁ%ﬂ implantee @ hermefie sealagatst angyl
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.antegrated circuits. "This Is because integrated circuits have delicate
circuitry tamedudts 10 particularly vul nerable to thermal shock, and because
the nethod may be perfornmed at relatively |ow tenperatures. According to a
.third aspect, the invention provides a bonding material conprising a
nanomat 8ri dthe bdndBd preiuebmay tfinthdr@adiphige aahierdnsdchinedzompeneat. Theboodetlict i ng
nanonmat eri al ; , nore referably the sem conducting nmaterial conprises
silicon; y®rogHst may g1ap ‘gtﬁﬂrat%‘?F'T%n conpri ses porous silicon; even
nore preferably the porous silicon conprises conprises crushed porous
silicon. 20 Advantageously the nanomaterial conprises a powder. Preferably
t he bondi ngheemethiod| isfafrpamigularovaive e theafabrigatian efobgrsiednrodugte comprising
nanomat eri @ ' LSkl Hputed f Lo - e.
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t hat the i paetitulacly vuirginablée ¢o thermaf shdok, andl®esdusadhe emdioot maytte pdréoraaid wi | |

now be descE}F%eyﬁgw\qujpggameégnpl e only, with reference to acconpanyi ng

dr awi ngs,

According to a third aspect, the invention provides a bonding material comprising a
nanomaterial.

15
Preferably the bonding material comprises a semiconducting nanomaterial; more
preferably the semiconducting material comprises silicon; yet more preferably the
silicon comprises porous silicon; even more preferably the porous silicon comprises
comprises crushed porous silicon.

20

Advantageously the nanomaterial comprises a powder.

Preferably the bonding material further comprises a liquid component, the
nanomaterial being distributed through the liquid component; yet more preferably the

25 bonding material is in the form of a paste.

in order that the invention might be more fully understood, embodiments thereof will
now be described, by way of example only, with reference to accompanying drawings,
in which:

30
Figure 1 is an illustratipn of a bonded product according to the invention;

Figure 2aand 2b are schematic diagrams of processing steps required to

fabricate the product shown in figure 1;



30 Figure 1 is an illustration of a bonded product according to the n

I nvention; Figure 2a and 2b are schematic di agrans of processing ste%gﬁpﬁim&
required to fabricate the product shown in figure 1; 0 6 APR 2004 WO

01/ 44140 kigﬁﬁ%£16800/04552 Figure 3a, b, and ¢ are a schematic di agrans

i 11 ustral¥ formation of a bonded product conprisind{JEFBWLETE i con

5 Figure 4 shows a sanple of porous silicon, prior to heating to forma
wel d; Figure 5 shows m crographs of meldgfones generated by wel di ng
according to the invention; and 10 Figlre ® shows a sanple of fused
nanocrystalline silicon located in the weld zone shown in figure 5. Figure
1 shows a first bonded product 110, according to the invention, conprising

oget ner' by GPISCR MGt S eTe chrtans iyairo bl Budlih 8PABEed, e
and has a cavity 150 t hatproguénehipsiethgiporédesilidonst and second conponents

120, 130. The first and second conponents 120, 130 of the are formed from
bul k crystalline silicon; the fused nanomaterial 140 is forned from fused

porous giligape 420 Fi guregse@@pg%gﬁmg ATRAEES SHlEorR P th MkiKG dol fBrm

fabricating e first bon 10 'by a nme ordingto the

i nvention. Figure 2a showswelde steps involved in fabricating the first and
second components 120, 130. Figure 2b shows how these two conponents 120,
130 are bonded together. A1 “mthick silicon nitride layer 220 is 25
deposited ¢ijwed first silshows witmgraphspobviveld, zohes) geristatedety wekSrenci |
forani sotropic etching of cavjties into the first wafer 210. The first

silicon wafer conprises s.A9€ordndotheinvestianand,n. an or gani ¢
phot osggsitive resist is deposited or spun onto the

Figure 6 shows a sample of fused nanocrystalline silicon located in the

weld zone shown in figure 5.

Figure 1 shows a first bonded prod.uct 110, according to the invention, comprising a
15  first component 120 and a second component 130 that are bonded together by a
fused nanomateriat 140. The bonded product 110 is a container and has a cavity 150
that is enclosed by the first and second components 120, 130. The first and second
components 120, 130 of the are formed from buik crystalline silicon; the fused
nanomaterial 140 is formed from fused porous silicon.
20
Figures 2 shows the processing steps invoived in fabricating the first bonded product
110 by a method according to the invention. Figure 2a shows the steps involved in
fabricating the first and second components 120, 130. Figure 2b shows how these two
components 120, 130 are bonded together. A 1 Om thick silicon nitride layer 220 is
25 deposited onto a first silicon wafer to provide, when pattemed, a stencil foranisotr&pic
etching of cavities into the first wafer 210. The first si}icon wafer comprises Bulk
crystalline silicon. An organic photosensitive resist is deposited or spun onto the
silicon nitride layer 220, photolithographically exposed and developed. The first wafer
210 and its associated layer 220 are then reactively ion etched to provide etch
30  windows such as 240 through the layer 220. The organic resist is then stripped off

using oxygen plasma ashing or acetone.

The first wafer 210 is then immersed in a mixture of p_otassium hydroxide solution and
ethano! to isotropically etch a first set of recesses 250 into the wafer 210. The



silicon nitride layer 220, photolithographically exposed and devel opedp g Elan
first wafer 210 and its associated |ayer 220 are then reactively ion ™
et'ched t I etch 30 wi ndows such as 240 through the O The
organic ggglogfghﬁg then stripped off using oxygen plasna aisﬁyﬁﬁoo acetone
The first wafer 210 is then imersed in a m xture of potassi um hydroxi de
solution and ethanol to isotropically efch a first set of recesses 250
into the wafer 210. The C. 8 APR 7004 WO 01/44140 -11 PCT/ GB00/ 04552
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) I th words the cessed 210 .conpr
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second waf er leld a Iplicity of second onent s each
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porosi ficat | oh 0 ace t ch cavi and al so
resul t 90i n por5| fi cat ion of the surfaces that define the |ips 270 300
| ocat ed at

500 oI sa1E ke, Hetariitdo parent vl S8R Pield A raltfpigiy &F spedres 270

these surf agafponestsal 30; eeﬁ@ﬁsaﬁnspdhehh%@ Ihagihg @ﬁ@mnaarlec@és:bgmﬁne rzp§@§o‘i1d
described in 20 US Patent 348,618. For certain applications it may be

desirabl e tRO'HEIUGON rTegiePEB0f i cation in the cavities 250, in which case the
cavity 250 surfaces would be protected by an HF resistant mask such as
silicon carbide.

15 The porosification of the first and second wafers results in porosification of the whole

surface that defines each cavity 250 and also results in porsification of the surfaces
that define the lips 270, 300 located at the periphery of each cavity. The reason for -
both the lips 270, 300 and cavity defining surfaces being porosified in this way is that
these surfaces are all exposed to the electrochemical etching process described in
20 US Patent No. 5,348,618. For certaini applications it may be desirable to prevent
porosification in the cavities 250, in which case the cavity 250 surfaces would be

protected by an HF resistant mask such as silicon carbide.

The processed wafers 210, 280 are dipped in hydrofiuoric acid (HF) to remove any
25 native oxide and are then promptly bought together so that their lips 270, 300 are
mutually in contact to provide an assembiy indicated by 350. The assembly 35(:} is
then placed in an evacuated chamber at less than 1 mBar pressure and held between
two spring-loaded pointed graphite electrodes 360a, 360b. A current of 2 Amperes is
then passed through the assembly 350 from one of the electrodes 360 to the other; a
30 potential difference of approximately 60 volts for a period of 10 seconds is applied
between the electrodes 360a, 360b to force this 2 Ampere current through the
assembly 350 to create a weld between the processed wafers 210 and 280. The
island regions 270, 300 are fused by the electric current, resulting in the formation of a
first fused porous silicon region 370. The assembly 350 is progressively stepped



The processed wafers 210, 280 are dipped in hydrofluoric acid (HF) ¢ o0
renove. any 25 native oxide and are then pronptly bought together so #L
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corrosion groducts are non toxic and readily excreted. The bonded product
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silicon
15  body, the material is corroded by the ambient body fluids and the corrosion products

are non toxic and readily excreted.

The bonded product 110 may be adapted to make it biocompatible by porosifying the
external surfaces of the product 110 or by depositing a layer of polycrystalline silicon
20 to the externai surfaces, as described in GB 9808052.6. A bonded product that has
been adapted in this way may, for example, be implanted in a human body and

bonded to human bone.

Alternatively the first bonded product 110 may be adapted for drug delivery by
25  porosifying at least part of the product to form a barrier. The porous barrier must
extend from the cavity 150 to the exterior of the product 110. A product that has b&en
adapted in this way may be used for drug delivery by introducing a drug into the
container. The drug may be introduced prior to the bonding process, for example by
dissolving the drug in a suitable solvent and introducing the resulting solution into the
30 first and/or second recesses 280, 250 by capillary action. Once present in a human or
animal body the body fluids corrode the porous barrier, resulting in the release of the
drug. For the purposes of this specification the term “body fluids” is taken to include
blood, as well as fluids present in the gastrointestinal, anorectal, and vaginal

environments.



20 to the external surfaces, as described in GB 9808052.6. A bonded pir®dacy)
that has been adapted in th| s way may, for exanple, be inplanted in a
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into the container. The drug may be introduced prior to the bonding -
process, for exanple by dissolving the drug in a suitable solvent and
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be i ntroducqggén, inttethe@nimal ordupdeposi tory and may be surrounded by a

sui tabl e coatl ng that facilitated insertion of the product 110 into the

ani mal & human. Fi nal ly the bonded product may be inplanted, for exanple

by surgery f 110 may
further corr}:‘nél g%pgér\@r?taﬂgb@tégbm rcul '%Lgor n@ﬁs Anglﬁné)ﬁgggﬁﬁﬂ@%n%%%m%
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used in the of dru rel.eas Ie con he rate of
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for drug release, conprising a bonded product according to the invention.

As descr.i be‘ﬂ\ above the
15 ere are a number of ways of fabncatmg a container, suitable for drug release,

comprising a bonded product according to the invention. As described above the
container may have a barrier comprising porous silicon that separates the drug from
the exterior of the container. Altemnatively the barrier may comprise polycrystalline
silicon.

20
The barrier to drug release may be formed before or after the bonding process.
Figure 3 illustrates a fabrication pracess by which the barrier may be fabricated before
the bond.ing process. Figure 3a shows the steps by which a third wafer fragment 410 7
may be processed, figure 3b shows the steps by which a fourth wafer fragment 510

25 may be processed, and figure 3c shows the step involved in bénﬁing the third and
fourth fragments 410 and 510. The fragments 410 and 510 comprise bulk crystalﬁne
silicon. The fragments 410, 510 are anisotropically etched to yield the structures 420,
520 respectively, and are then anodised to yield the third and fourth components 430
and 530. The third component 430 comprises a porous silicon barrier 440 and also

30 comprises a third porous silicon region 450. The fourth component 530 comprises a
fourth porous silicon region 540. The third and fourth components are bonded
together by abutting the porous silicon regions 450 and 540 and passing an electric
current between the points ¢ and d to yield a container 570 having a fused porous
silicon r.egion 560 and a barrier 440.



contai ner may have a barrier conprising porous silicon that separ at g§ hpew&
drug from the exterior of the container. Aternatively the barrier my"*
conprise polycrystalline silicon. 20 The barrier to drug rel ease may be
formed b Qo after the bonding process. Figure 3 iIIustr&tes a
fabrication process by which the barrier may be fabri cat ed GPEFBIEe
bondi ng process. Figure 3a shows the steps by which a third wafer fragnent
410 may be processed, figure 3b shows the steps by which a fourth wafer
fragment 510 25 nmy be processed, and ft#hre 3c shows the step involved in
bonding the third and fourth fragnents 410 and M The fragnments 410 and
510 conprise bulk crystalline silicon. The fragnents 410, 510 are
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silicon po@@&?" eyt Bg?omponent to be welded; "either by enhancing the cohesion of the

15 nanocrystalline powder or by enhancing the adherence of the powder to the

components that will be welded.

Figure 4 shows a sample of porous silicon having a porosity of 50% and layer
thickness of 7um. The pores are too small to be seen at the magnification of the
20  image (x7000). The sample shown in ﬁéure 4 was spot welded in an Edwards E306
Vacuum 'Evapourat,or unit at 10 torr. The weld was made by placing the sample in ]
contact with a corresponding sample of porous silicon; a current of 2 amps was then
passed through the abutted porous regions for a period of 10 seconds. The sample
area for each porous silicon sample was approximately 1 cm?. Figure 5 shows the
25 two samples after the current has been paésed. The welded samples are bréf(en
apart and Figure 5 shows each sample in the region of the weld. Figure 6 shows éart
of one of the samples in the region of the weld; it shows a sphere of fused
nanocrystalline silicon. The sphere is formed as a result of the porous silicon
becoming molten, the surface tension of the silicon causing the silicon to adopt the
30 shape of a sphere. The sphere is sufficiently close, but not at the site of, the weld so
that melting of the silicon occurred without bonding.
A control experiment was also performed in which two bulk crystalline silicon
segments having polished front faces and an approximate surface area of 1 cm? were
abutted and heated in the same manner as described above. A current of 2 amps was
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two bul k cré}&\c’gﬂ'ﬂi"YFgg‘Eglgqfc@Wms%‘Pﬂﬂﬂeé’P%Wgﬁﬁ’ﬁélﬂ%‘l’f@ds*f"i%hiaﬂe&@ﬂ@rf% an
appr oxitgat eaceHfdiS & HeCitventioh i§ HestRb&] aBbd,t t Bdteridlst

manner as descri"%gd__ abov;. :Q\clur reesnt of a_2 arrpds;oq’v?gggr\}t\%e%rﬁgtﬁglg Sifer &l
PCT/ GBOO/ 0£i9n. partialagy semigongdugter i atesalse Gas diso meidedOtagethearineatsimilarw had
ceased the - a 1 EM at
g 11 cat o ety BB PR R kot o b SN 802 hA1B0s el Qi

i ndi cat i ng ar@awelded tegethéradcdoedingf tor thed invBntiint eepd ot dbenvef dirbildrkcteinhicalon

500 have. piboaas dn el ASkoonteh BRipoReRs. I amBlR Pirade ifcon ipers 1bay Be"®
t enper ab ur dotmed: ante Jermaniom Rohipagetss whith BRersubssqichlly weldmght er

Al t hough wel di of si|icon conmponents together at porous silicon |ayer
i nt erfgces accor?!%g to the Jnvention. P J P Y



10 according to the invention is described above, conponents of natefBalrg Jpt
14?g %{ han silicon, particularly sem conductor materials, can be wel 004552
gqu ina sinlar manner, for exanpl e germani um and silicon car
Mor eover, porous |ayers which are welded together according to the
~invention need not be of sinmilar chenical species to their associated
conponents, for exanple porous silicon |layers nmay be 15 forned onto
"~ ger mani um conponent s whi ch are subsequeftd~y wel di ng together according to
t he invention. 14-12-2001 G B0004552 -16- CLAIMS 1. A nethod of fabricating
a bonded prﬁ fiigconprising at |east two conponents that are bonded
t oget her, € ne?hod conprising the steps of: (a) bringing the conponents
together; and (b) heating the conponents; characterised in that at |east

one of the t he, ., nanomat eri al

conpri sing i.wﬁ‘?fégﬁﬁ%@ ﬁ“"?%dggrsa’?{%fé‘ﬁﬁbf%ﬁg 3?'83%3?‘%??88“?%5%%% a
manner t hat afeftnded fmyetingrs therreethod dehptisigg theestepy oheat i ng at | east part of
the nanomaterial. 2. A nethod according to Claim1l wherein the

nanomat eri al conprises porous silicon and wherein step (b) conprises the

step of rrel(&?]bgn d@ihg tracdmpaentofogbther;pmdous silicon. 3. A nethod accordi ng'
to daim?2 erein at |east one of the conponents conprises bul k
crystalline silicon. 4. A nmethod according to Caim2 wherein at | east one

of the Comgpﬁéﬁtﬁngag@bh-@aﬁen@i lica. 5. A nethod according to Claim!]l
wherein the nanomaterial conprises nanocrystals have dianeters in the

range | to 20 nm 6. A nmethod according to Claim2 wherein the porous
si | i con hashargetsrded iy tHat at least 6@&&h3@8ﬁ1?@1@@§/@0rﬁpnés@hﬁmﬂnﬁéﬁﬁlr fheng to

Claim2 wherein the nethqod co) the-tfurther st catlng t he
porous si | iNGHATRAIENZHCOMBRFING §i RBF Whsreip stepg (3)a AP B%%H"@S) sgch o
met hod acccarfﬁamgerttﬁat%élcmom@ré\béﬁdédrfsgétﬁélr BOREUtInG % iddRephntbf thy step

of
nanomaterial.

2. A method according to Claim 1 wherein the nanomaterial comprises porous silicon
and wherein step (b) comprises the step of melting at least part of the porous silicon.

3. A method according to Claim 2 wherein at least one of the components comprises

bulk crystalline silicon.

4. A method according to Claim 2 wherein at least one of the components comprises

silica.

5. A method according to Claim 1 wherein the nanomaterial comprises nanocrystals
have diameters in the range 1 to 20 nm.

6. A method according to Claim 2 wherein the porous silicon has a porosity in the
range 30% to 90%.

7. A method according to Claim 2 wherein the method comprises the further step of
locating the porous silicon in an inert atmosphere prior to or during step (b).

8. A method according to Claim 2 wherein the method comprises the further step of

performing step (b) at an external pressure of less than 1 mbar.

AMENDED SHEET



performing step (b) at an external pressure of less than | nbar. AVENDEBER 7904
14StEBHGP 8 APR 2804 14-1.2-2001 GB0004552 --17 9. A nethod accordi ngEBDH004552

Cl'aim 2 wherein the nethod further conprises the step of renoving any

oxygen atons bonded to the porous silicon. 10. A nethod according to Claim
*9 wherein the oxygen renoving step conprises the step of treating the

porous silicon with hydrofluoric acid. 11, A nethod according to Caim3
wherein the step (b) conprises the step 0f passing an electric current

t hrough at | east part of the porous silicon for a period between 5 and 200

seconds. 129. Amathdubdceeding tb Gpirn @ véhexeim tBe wiednad furthee ctropdses thestrpcof is a

phar maceuti cal .product and,wherei he, et hod conprises the further step
of form ng W%&ﬁ%@ﬁ&e“?%ﬁ%é?ﬁ)%ﬁfetﬂﬁge Pﬂrogﬁéﬁ'cgﬁ)‘nanner that, once
bonded, they are suitable for oral consunption by a human or aninmal. 13. A
met hod accordin o Caim2 wherein the bgnded product,is a pharnaceuti cal
pr oduct andT&kﬁg’@&Wdﬁﬁgo%&@o&@%ﬁ M @é@"?r?f‘eo’mﬂ%ﬂﬁ@mog‘f’gﬁt%q 8‘?'8Prr‘ﬁq§3H3nd
arrangi ng  §tag of QREREAAE HeSpdrBus SifdbrawitfANEbiiddidtacience bonded, they are
suitable for admnistration to a human or aninmal in the formof a

suppository. 14. A method according to Claim2 wherein the bonded product
is an inplap A@ﬁ:@tho@(}%ﬁdﬂmdtﬁ%fﬁm bqﬂmeﬁaﬁmé ﬁeﬁt(x‘?]ﬁ%rﬁpﬁsba%e §i99§>f0f form ng
a

and arranging the mponents i1 n such a manner , once bonded, they are
sui t abl e f crassingl aeleetrie gurenittorongh ahleasl Past ohthawerasasilicondgor apgEethod

accordi ng t&hh%é“ 8204 208%68bs he bonding is performed in such a manner

that, when the conponents are 1 nplanted, a hernetic seal against aninmal or
human body fluids is forned by at |east part of the heat treated

nanomat eri aj, Alrﬁethﬁd ra%g&aﬂﬁ%mm é‘%&%&ﬂ?ﬁ ndSh¥rdduct & 4 Bhafnaiaarigiin the
net hod conpri ses t he urt nher stepo ormng an I'ntegrate CII‘CUIt.In one
of the conpoeduntand whergin the method ceomtises)theduther step ogmrrﬂngwam anraging one

of the comEpeRhBohent&in SichPHBARALIRS:, SREPOSIYY, they are suitable for oral

consumption by a human or animal.

13. A method according to Claim 2 wherein the bonded product is a pharmaceutical
product and wherein the method comprises the further step of forming and arranging
the components in such a manner that, once bonded, they are suitable for
administration to a human or animal in the form of a suppository.

14. A method according to Clainr 2 wherein the bonded product isamrimplantand - -
wherein the method comprises the further step of forming and arranging the
components in such a manner that, once bonded, they are suitable for implantation

into an animal or human body.
15. A method according to Claim 14 wherein the bonding is performed in such a

manner that, when the components are implanted, a hermetic seal against animal or
human body fluids is formed by at least part of the heat treated nanomaterial.

16. A method according to one of Claims 12 to 14 wherein the method comprises the

further step of forming an integrated circuit in one of the components.

17. A method according to Claim 2 wherein at feast one of the components is a

micromachined component.
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AMENDED SHEET 0 8 APR 2004 -18~ 18. A bonded product conprising at |edsi APR 7901
two components that are bonded together, characterised in that at |east

one of the conponents conprises fused nanomaterial, the fused nanonateri al
conprising fused nanocrystalline silicon, and in that at |east part of the
fused nanomaterial fornms a bond between J@g conponents. 19. A bonded

product according to Caim 18 wherein at Teast one of the conponents
conprises bulk crystalline silicon. 20. A bonded product according to

ei ther O ai m8oARReded progucticomprisioa st srst twe compepents thal acohendesdeggiberous
and/or pol Y%Hér’aéiehhél?iﬁsthét!éi%sﬁaﬁe w}gf- %5@855@\@?5}96.%.95%% offterfal f Or M
and corrp05|t|on SucC that 1t 1s suitable r ora consurrptlon y an ani nal
or human bodthe fesed panmmatedal gouwising fusedmanaerystellieg siliean, andiimthabatigastei n at

I t f ' talli
sieﬁsco(rjlngng %@?@;@%@%\@gﬁ@ﬁ%f&@%%@ or r%g;cﬁg‘%éﬁgn'g%':i ?i olnnguch

that it is suitable for inclusion in a suppository. 22. A bonded product

according to,gi Afggﬁ%égoéﬂog%%%cm{ngitﬁ.C"I’éimlsﬁav?ﬁergﬂ%t %Ta\ﬁi] oﬁﬂ%&ﬁ@lﬁ%ﬁ%

conpri ses porous an yCrys I'ne con an erein

product has somprisasshulk cystplipe sdicon.such that it is suitable for

I nplantation in an aninmal or human body 23. A bonded product according to
Claim 22 wherein at |east part of the fused nanomaterial is arranged such
t hat, when i 2p!Abbedid protectraetordingda keitlzeyaGlaist 1SBwhenain atdeashonaof thedy f |l ui ds

accor ding o raphis offibtset poidl G RAEREHINE B il e e e ER AR e
conmponent . 2prodachitascetbrprandiccmpasition ductgthabit isrsaitabile @raratcoBSurhptichbydrer ei n
t he device f'ﬂﬁ“ﬁ%r h&rggrlpgbgygs an integrated circuit.

21. A bonded product according to either Claim 19 wherein at least one of the
compenents comprises porous and/or polycrystalline silicon and wherein the bonded
product has a form and composition such that it is suitable for inclusion in a
suppository.

22. A bonded product according to either Claim 19 wherein at least one of the
components comprises porcus and/or polycrystalline silicon and wherein the bonded
product has a form and composition such that it is suitabie for implantation in an
animal or human body

23. A bonded product according to Claim 22 wherein at least part of the fused
nanomaterial is arranged such that, when implanted, a hermetic seal against animal
or human body fluids is formed by at least part of the fused nanomaterial.

24. A bonded product according to Claim 18 wherein the bonded product comprises a

micromachined component.

25. A bonded product according to one of Claims 20 to 22 wherein the device further
comprises an integrated circuit.




