WD 2011/ 053254PCT/ S&2010/ 000419 1 PROBE ELEMENT AND METHOD OF FORM NG A
PROBE ELEMENT TECHNI CAL FI ELD [ 0001] Vari ous enbodi nents relate generally to
a probe averrentosasd a nmet hod of form ng a probe el enment PCBAGRGROWUNI?

[ 0002] I mpl ant abl e el ectroni c devices for neural recording and/or
stinmulation may include either insulatzd conductive mcrowres with exposed
tips or mcromachined 10 neural probes with an array of m croel ectrodes.
These devices are considered as an inportant neurotechnol ogy for system
heur oscl e_”CePﬁ%E‘EEE@PENﬂM'METHMW?OWW&'A’PR@]?Eﬂ:‘iJE{)MEN@l“SG to

t hese devices deteriorates the device perfornmance over tine by conprom sing
the recording stability, signal quality, and operating lifetinme (their
chronic or long-termperformance). Thus, it is desirable to have probes
desi gns whi ch.can 15suppress the_r | V. i ssue response and/or reduce
chronic tissue response. [0003]$$ﬁ§ﬂﬁgé$ﬁlﬁgﬁ tion of a neural probe is to
introduce an array of mcroelectrodes into a neural tissue along with their
el ectri cafl00fiki nd?la“ﬁlgs ERotimspEs yelats gensrally) foya iprrhsr¢lementand & psthod afye, it
is desirable that nechanical strength of the probe is greater than the
force ¥eqffirmng a probpelement he probe into the tissue to prevent buckling or
20 fracture of the probe. Mirreover, during insertion, the probe may injure
or destroy the tissue in a local area producing a "kill zone". It is
preferred that the kill zone is mininmal and the nerve cells near the

m croel ectrodes are preserved forBAOKEROUND/e chroni c recordi ng and
stinmulation. To limt the kill zone solely to the area intersected by the

[0002] Implantable electronic devices for neural recording and/or stimulation may

include either insulated conductive microwires with exposed tips or micromachined
:10 neural probes with an array of microelectrodes. These devices are considered as an
impbﬁant neurotechnology for system neuroscience:and neuroprosthetics. However,
reactive tissue response to these devices deteriorates the device performance over time by
compromising the recording stability, signal quality, and operating lifetime (their chronic
or long-term performance). Thus, it is desirable to have probes designs which can
15  suppress the reactive tissue response and/or reduce chronic tissue response.
{0003] The basic function of a neural probe is to introduce an array of
microelectrodes into a neural tissue along with their electrical wiring. As the probe is
physically inserted into the tissue, it is desirable that mechanical strength of the probe is
greater than the force required to insert the probe into the tissue to prevent buckling or
20  fracture of the probe. Moreover, during insertion, the probe may injure or destroy the
tissue in a local area producing a “’kill zone”. It is preferred that the kill zone is minimal
and the nerve cells near the microelectrodes are preserved for an effective chronic

recording and stimulation. To limit the kill zone solely to the area intersected by the



2 probe, the surrounding tissues should be subjected to negligible
stretching or conpression during the probe penetration. This can be

possi bl e WO 20H&5pSdbe cuts its way through injuring onl PCTis6&20mt06¢442ct ed
structures and preventing propagati on of the danage into the surrounding
tissues. This may then mnimze the k|5l zone. Otherwi se, stretching or
conpression may tear the neural tissue“which |leads to neural cell death
and/ or rupturing of bl ood capillaries Bl eedi ng due to rupturing of bl ood

capillari 9[524 i : i . Thus,
it is des??oalt)%ftgetg ﬁ \(/i%ttg%%g e de5| gn tégtjgﬁk?ﬁgat Qﬁgg%?gg?w@%%%
i nserted |ntorthet ssue Ot dlstortln fElearlng t he

Rtk Rossbisd

[ 0004] Con\(/jg?l § onaP nedra tmp'?’(])belélseci1 epé%brﬁ i 'tsshvéar?'e Lfgr}11 round

cross- 10.sectio profil e in "Uah Pr obe" | a Ccro et.tes) or
a bl ade ISR “%B‘F‘asﬁﬂﬁ‘i %PCBFC%@’H Steyatind aropge e Dl deBregk istiter 1
(as in "M chi gan Pr obe") . The conj cal shape may seem i deal for
probe geofwTeupdiignisuesd l%éha}apj tbﬁrp mypinpige thy kHE zeng Qtheyis, SUECRPZY e
through which the probe can penetrate deeper into the tissue by gently
pushi n§ t kempr¢fsierempy tdas theenenml desueTrhich tradhtonmeuml ealy deash land/or ripguringur al
tissue were 15 made of a honobgenous el astically defornable material.
However, bhblooduwapillati¢ss Bleeding duelip ousturing nfiblood dapilladespeankadsenestténsive

nyel i nat ed axons, m crotubul es, and neurofilaments criss-crossing one

anot her f @edrond) daspldcembiiel 'dedthi¢BoVOMRE, 6 Isr déSirabl€to Kave QIPr6lsd ddsigdbd such
penetrating into the tissue would shear the tissue with the tissue el enents

event ual | Yha$ {He§hrSUe dA8 b ieft&d i be Bsdub Widat ARBHIn3P Wakng B wiiRbe. W th
further penetration of the 20 probe, the band beconmes |arger and tighter.

Thus, addi al i st urt her
Into the 100ALe GRLeR, ?'t AR s BnR Gk A3oBlcabthab “Bﬁﬁ%éﬁﬁéﬁmépread
to adjacent .tissues,a e n omp As suc he t| ent to
the b mesyobl B eChs e AL Ref P TRC ke, SRerpbbues) 3% o, b Paf MBSO
beyond its eI astl C menbr.anes of ne rons u | bl ood
veveol's misFramalar fessrairoulrG C@aﬁgeéaa%ﬁtgeﬁws%ﬁwﬂr E@gn Rigpe ﬁegi”@i

di spl ace the neural tissue on a large scale. Thus, a conlcally shaped probe
i s probabilye Gerica tS]&*}?ICé“%ﬁee'at"ileéhfPétPFQPelgﬁﬁméﬁY Smffo@egwpé'a@ fiRaobt GBes,
dependi ng on t hei r]mrin gl;Ofg%brl;qu?h{ on gpr oach, rrgy exhi bl}él eit hl;; a |

char act er icesefeca wny hele threnghi whick Hieannabe eanprnette dpenen inje ¢ tirgug it gengly
point-like sharp tip or a profile having a uniformthickness term nating at
a sharp egyshing theledjace. tiskwe adiddrdhigmedsinisyy nafievaerkii€ kreessiraftissirewhileade
type probe is considerably reduced as conpared to its width. Thus, the

bl ade 15 ypenade elfa hayogeasw tlaticbiiydefoimablghhatériadsHeweha) theaieura aisswsSis
conpared to the conically shaped probe. However, it is desirable to further
10reduce pBRREIRhiGR BeimUpRkéDOwith enlelif SUE ardHd/ @ﬁcrbmbmee\éﬂatneﬁxaﬂramﬁtsof t he
ti ssue. SUMVARY

criss-crossing one another forming a “fishnet” like woven structure. A conical probe
penetrating into the tissue would shear the tissue with the tissue elements eventually
stretching and forming a fibrous band around the probe. With further penetration of the
20 probe, the band becomes larger and tighter. Thus, additional force is required to cause the
probe to penetrate further into the tissue. The additional force on the penetrating probe
may spread to adjacent tissues as the band compacts. As sucl:h, the tissues adjacent to the

band may be pulled in tension. When the tissue is pulled in tension beyond its elastic



[ 0006] According to one enbodi nent of the present invention, a probe el enent
S provi ded. The probe el enent includes a carrier conprising

bi odegr adibl2e1138254r 15bi oactive naterial; at | east oneP€TS6G29@804dDUPI ed
to the carrier. [0007]1n one enbodi nent, the at |east one el ectrode

I ncludes at | east one microel ectrode. The at | east one el ectrode may
include a plurality of el ectrodes. [0008]1n one enbodi nent, the carrier
includes a tapered portion, and the tapered portion includes biodegradable

and/or bi gk Pﬁ@m??a%@sr bf"hexg@r@i nggljﬂrﬂreogﬁmagnﬁsig&} U?Jé&lls AfFaIEGbE 16ih dn OHC' udes

a layer having a rst surtface ahd a secon ace raci'ng away m t he

f f d d th d f f
the | ayor SAEOHED] PirORe Ege manic v PRa! Pisplf MR APluIE o adees s ff anar

| ayer por 1/ 053 254p CT/. S 010/0 419 4 [0011] I n one enbodi nent,
t he ta.oerfer BFP?IS‘HF ﬁj‘ﬁ‘él’fﬁ’dﬁ% s grohebly sy gﬁfﬁeﬁ%"frwtwnaﬂaﬁ rection

perpendlcular ‘to and away fromthe second surface of the |ayer.
[0005] Blade type probes, depending on their microfabrication approach, may exhibit

5 either a charactenistic structure with thickness and width converging into a point-like
sharp tip or a profile having a uniform thickness terminating at a sharp edge at the tip. In
either geometry, the thickness of the blade type probe is considerably reduced as
compared to its width. Thus, the blade type probe may ease the band of tight tissue that
can tear as compared to the conically shaped probe. However, it is desirable to further

10 reducéjpenetration trauma to the tissue and/or to prevent tearing of the tissue.

SUMMARY
{0006] According to one embodiment of the present invention, a probe element is
provided. The probe element includes a camer comprising biodegradable and/or
15  bioactive material; at least one electrode coupled to the carrier.
[0007] In one embodiment, the at least one electrode includes at least one
microelectrode. The at least one electrode may include a plurality of electrodes.
[0008] In one embodiment, the carrier includes a tapered portion, and the tapered
portion includes biodegradable and/or bioactive material.
20  [0009] In one embodiment, the carrier includes a layer having a first surface and a
second surface facing away from the first surface, and the tapered portion is disposed on
the second surface of the layer.

[0010] In one embodiment, the layer includes at least a planar layer portion.



[0012] I n one enbodi ment, the tapered portion extends along at |east a part
of a length of the layer, and the di m ni shing di nension of the tapered
porti on pvOIHES32H edge al ong an axis parallel to and POTSGESH0/0a8AY from
the second surface of the layer. [0013]In one enbodi nent, the biodegradable
and/ or bioactive material includes biodegradabl e and/or bioactive silicon.
The bi odegradabl e and/ or bioactive matérial may include porous silicon.
[0014] I n one enbodi ment, the |l ayer includes two opposite sides converging

to form 1Qg, ?E' nt %né ,mbodlglggélﬂen ﬁameflmksah{mc rdldqafstcmg% at

| east one materia ecte materi a onlstlngo

paryl ene, imde nd ben | obut 0016] In one
errbodimanfil[%et EPBFgghC 'gﬁéﬁgaWﬁ¥ﬁH@Mﬁ?ﬁ%Pﬂd%gﬁh Cﬁkﬁéykone el ectrical |ead
and/ or an lated wirin coupled to the at | east e el ectrodes.

15[ 0017] | 3 ertB e rfghitodin U tPRrded PORENCFERYS GG TioFERisPant of Bast one
material selected froma group Qf materials consisting of: titanium

pl at i num langthgel,the davernangothe lglmlsl”ewdmme@e]qfrfh@)rﬁ@eee%bwmwnafowdeﬁénpr obe
el enent further includes at |east one fluidic channel. 20[0019] According to
one endodiedgeralongf antaxis paralicbiotand dymthresi ovay faom ithepdeaoridedurface of the layer.

[0013] In one embodiment, the biodegradable and/or bioactive material includes
biodegradable and/or bioactive silicon. The biodegradable and/or bioactive material may
include porous silicon.

[0014] In one embodiment, fhe layer includes two opposite sides converging to form

| 10  apointed tip.

[0015] In one embodiment, the layer includes at least one material selected from a
group of materials consisting of parylene, polyimide, SU-8 and benzocyclobutene (BCB).
[0016] In one embodiment, the probe element further includes at least one electrical
lead and/or an insulated wiring coupled to the at least one electrodes.

15  [0017] In one embodiment, the at least one electrode includes at least one material
selected from a group of materials consisting of: titanium, platinum, iridium and n-doped
silicon.

[0018] In one embodiment, the probe element further includes at least one fluidic
channel.

20 {0019} According to one embodiment of the present invention, an implantable
electronic device for neural recording and/or stimulation is provided. The implantable

electronic device includes at least one probe element as described above.



el ectroni c device for neural recording and/or stimulation is provided. The
i npl antabl e el ectronic device includes at | east one probe el enent as

descri bedw@Rouds32sW0 2011/ 053254PCT/ SG2010/ 000419 5 [ O020TACCOHNV@IHIOt 0 one
enbodi nent of the present invention, a nethod of formng a probe elenent is
provi ded. The nethod includes formng at |least two trenches in a carrier
conpri sing bi odegradabl e and/or bioactlfve material; isotropically etching
material of the carrier beginning fromthe trenches such that the pr obe

el ement i f020f ”Ed\&%lﬂ{g ©loRg eﬁb&dlfn%ht SUhé Ef‘e@erﬁ%eﬁtn&ﬂ%%&ﬁodo&f thirRiAg @PPOSi t e
to the first surface. [0021]1n one enbodi ment, fi'rst surface |ncludes a

pl anar S“@fo%ﬁle&% Povx&e%o‘?ﬁi Jn@ h38 ¥ %@?&ﬂﬁﬂ%aﬁl&&?{xﬂ%hgﬁgei ML S er

i ncl udes ast one e ectro I'rs ce o
carrier. n,_.one bi odegr. .0or bioactjye
et e PR %%&b'fs%ﬁ%%gpra&ﬁ%shoaam*a}PteBr DB ER maﬁwfom
bi odegr adabl e and/ or R%B%gtlve nateragwtnay i ncl.ude porous silicon.

[ 0024] | n GHECMEIHIRE f &renshen Ser by that the Probscalemeny 14 Epmed CPMPrSNgAsk il m

above the carrier atterning the mask filmto expose parts of the carrier;
and et%hl Aigpt E'«H@Cewpfg%@Gerﬁéppﬁl%fopr’weé%ﬁhelfefﬁt susfa¢er m t he trenches.

[0021] In one embodiment, the first surface includes a planar surface portion.
[0022] In one embodiment, the method further includes coupling at least one
electrode to the first surface of the carrier.
[0023]: In one embodiment, the biodegradable and/or bioactive material includes
10 biodegradable and/or bioactive silicon. The biodegradable and/or bioactive material may

include porous silicon.
[0024] In one embodiment, the method further includes depositing a mask film above
the carrier; patterning the mask film to expose parts of the carrier; and etching the
exposed parts of the carrier to form the trenches.

15 [0025] In one embodiment, the mask film includes tetraethyl orthosilicate.
[0026] In one embodiment, the tetraethyl orthosilicate film is deposited above the
carrier by plasma enhanced depdsition.
[0027] In one embodiment, the patterning of the mask film includes ultraviolet
lithography and reactive ion etching.

20  [0028] In one embodiment, the patterning of the mask film includes forming a resist
above the mask film, and the etching of the exposed parts of the carrier is carried out after

carrying out stripping of the resist.



15[ 0025] I n one enbodi nent, the mask filmincludes tetraethyl orthosilicate.
[ 0026] I n one enbodi nent, the tetraethyl orthosilicate filmis deposited
above t hewoapr/ees2shy pl asna enhanced deposition. [0027] PETEGR0WMDHGA ment |
the patterning of the mask filmincludes ultraviolet |ithography and
reactive ion etching. 20[0028] 1 n one epbodi nent, the patterning of the mask
filmincludes formng a resist above the nask film and the etching of the
exposed parts of the carrier is carried out after carrying out stripping of

the resisjoo20p [ QR28L Eﬂmbgﬁiﬁ;eﬂffbﬂ%&mﬂé of tiCexPosdll Ptsf thdBarfi¥PRIGARAr L S Of

the carrier is carried out in a deep reactive ion etching system [0030]In

one e”bOd'ﬁﬁﬂ%@eéyﬁﬁﬁﬁkh89a£th§§$aﬁﬂc'Udes deposi ting plasma enhanced

tetraet hyl ortho cate int enches; and etching the deposited plasna

hanced I AR .the d L ted pl d
Cot act nylSBGE hodi on abEoT st P ot EF molid FRREHE R De™, cas of

the carrier a to keep the deposited p|asnma enhanced. tetraethyl
orthosil i tearta%tggln orthestliqatte it thes UgRchee a'eJr &HaHgs they 8%%1@41 PhsBactibBRACent ,
t he degosited pl asma_enhanced tetraethyl orthosilicate is

tetraethyl orthosilicate to remove the deposited plasma enhanced tetraethyl orthosilicate

from the bottom of the trenches to expose areas of the carrier and to keep the deposited
plasma enhanced tetraethyl orthosilicate on the sidewalls of the trenches.

[0031] In one embodiment, the deposited plasma enhanced tetraethyl orthosilicate is
removed from the bottom of the trenches by a reactive ion etching oxide etch process.

: 10 [0032]): In one embodiment, the method further includes etching the exposed areas of
the carrier to form a desired shape for the probe element; and removing the deposited
tetracthyl orthosilicate film from the etched carrier.

[0033] In one embodiment, the exposed areas of the carrier are etched by plasma
etching in a deep reactive ion etching system.
15 [0034) In one embodiment, the deposited tetraethyl orthosilicate film is removed
from the carrier by buffered oxide wet etching.
[0035]  In one embodiment, the carrier is a silicon wafer.
[0036] In one embodiment, the method further includes converting the silicon wafer
into a porous silicon structure by electrochemical anodization or stain etching.
20
BRIEF DESCRIPTION OF THE DRAWINGS
[0037]” In the drawings, like reference characters generally refer to the same parts

throughout the different views. The drawings are not necessarily to scale, emphasis



renoved fromthe bottomof the trenches by a reactive ion etching oxide
etch process. 10 [0032] In one enbodinent, the nethod further includes

et chi ng tWO 20KH823d areas of the carrier to form a desi PEA/SSREKODGAY t he
probe el enent; and renoving the deposited tetraethyl orthosilicate film
fromthe etched carrier. [0033]1In one eﬁbodlnent the exposed areas of the
carrier are etched by plasma etching in a deep reactive ion etching system
15[ 0034] I n one enbodi nent, the deposited tetraethyl orthosilicate filmis

renpved fn@geahhg%ne@nyIberng%&uflfpeﬁqﬁus%gg ﬂ@%ﬁ&gﬁa@ BBthe ifARLL. N IR

enbodi nent, the carrier is a silicon wafer. I'n one enbodi ment, the

met hod furf%lﬁlflg'a%cggﬁén Q/QH ;e?]%ﬂ(}gnﬁ s (?iJ tHe ?n%nw\{\@'r Ty ﬁSQ}lge(F ygg %u %Ecsel licon

structure zation OF Stain etc
DESCRIPTISN J MVNGS 3711 n the draw ngs, like reference
char act er £° J&{al%ting F"@ﬁsf v 68" same parts throughout the different

views. The drawi ngs are not necessarily to scal e, enmphasis
. [0038] igure la shows a schematic thlyee dimensional toprr\?lew of a probe element

5 according to one embodiment of the present invention.
[0039] Figure 1b shows a schematic three-dimensional bottom view of a probe
element according to one embodiment of the present invention.
[0040] Figure lc shows a schematic cross-sectional view of a probe element
accerd‘ing to one embodiment of the present invention.
| 10 [0041] Figure 1d shows a schematic cross-sectional view of a layer and electrodes of
a probe element according to one embodiment of the present invention.
[0042] Figure 2 shows a flowchart of a method of forming a probe element according
to one embodiment of the present invention.
[0043) Figures 3a to 3g show a process of forming a probe element according to one
15 embodiment of the present invention.
[0044] Figures 4a, 4b and 4c respectively show experimental results of a critical
buckling load of a probe element of Figure 1 and two conventional probes.
[0045] Figure 5 shows schematic drawings of an exemplary probe element according
to one embodiment of the present invention.
20
DETAILED DESCRIPTION
[0046] Embodiments of a probe element and a method of forming a probe element

will be described in detail below with reference to the accompanying figures. It will be



7 instead generally being placed upon illustrating the principles of the

i nvention. In the foll ow ng description, various enbodi nents of the

i nvent i orvere11deszsdi bed with reference to the foll owi ngPET&HGRNYH041n whi ch
[ 0038] Figure | a shows a schematic three-di nensional top view of a probe

el ement according to one enbodi nment of8the present invention. [0039]Figure
| b shows a schenatic three-dinensional "bottom view of a probe el enent
according to one enbodi nent of the present invention. [0040]Figure 1 c

shows a S%Bﬁ'ﬂgpitaﬁﬂ thit QRS e&%ﬁﬁlh{%ﬂélde\éérﬂyggqegﬁv reé&fsgrrg@g@dm %Co%"scy tst O One

enbodi nent " of t present I nvention 0041] ows a sc matic
Cross- secR% }¥h%Pg Iayggtand lectrodes of a probe el enent accordlng

[ essenc € inventl
to one enbo present 1’ nven Y on. [ 0042] Figure 2 shows a

(onchart ot o000 o1, 00 o Pple el Aol Ig L8 00 o e
of form nq 1plr 0rtéel beslh((a)\r;{/‘sa gtscggrr?:;)t[cdtll];]e% citlr?ler?s?(()ana}%gtq(?rgdleenv?ntf thof rt lr)]efa elgrrngr?tent
i nvention. gu ot the pro
5 100. Figure 1c shows a schematic cross-sectional view of the probe element 100. The
probe element 100 has a carrier 102. The carrier 102 may include biodegradable and/or
bioactive material. The carrier 102 includes a layer 106 having a first surface 108 and a
second surface 110 facing away from the first surface 108. In one embodiment, the layer
106 friéy be a planar layer portion of the carrier 102. Thus, the first surface 108 and the
10 seconci surface 110 may be planar surfaces. The layer 106 has two opposite sides 112,
114 which are parallel to each other. The two opposite sides 112, 114 of the layer 106
gradually converge to form a pointed tip 116. The layer 106 may be made of different
materials, e.g. biocompatible materials. Some examples of the material used for the layer
106 include parylene, polyimide, SU-8 and benzocyclobutene (BCB).
15 [0048] In one embodiment, the carrier 102 also includes a tapered portion 118. The
tapered portion 118 is disposed on the second surface 110 of the layer 106. A surface 119
of the tapered portion 118 contacts the second surface 110 of the layer 106. The surface
119 of the tapered portion 118 may be planar. The tapered portion 118 extends along at
least a part of a length (L) of the layer 106. That is, the length of the tapered portion 118
20 may be smaller than the length (L) of the layer 106. In one embodiment, the tapered
port‘i(‘)r’; 118 may extend along the whole length (L) of the layer 106. Further, the tapered

portion 118 has a diminishing dimension in a direction (as indicated by arrow 120)

perpendicular to and away from the second surface 110 of the layer 106. The diminishing



[ 0044] Fi gures 4a, 4b and 4c respectively show experinmental results of a
critical buckling |oad of a probe elenent of Figure 1 and two conventi onal
probes. [WO2Bl1FiSgAMe 5 shows schematic drawi ngs of an eREFEIGAVN/pFadhe

el ement according to one enbodi nent of the present invention. 20 DETAI LED
DESCRI PTI ON [ 0046] Enbodi nrents of a prohe el enent and a nethod of formng a
probe elenment will be described in detdil below wth reference to the
acconpanying figures. It will be 8 appreciated that the enbodi nents

descri bed HE«%}@WnQﬁ%@EpWQ&“ bltfedl 1118 pYVik %ﬁ:%gg%%%;soc taﬂoa‘i c;ﬁa?aﬂf%glo“&dt he

essence o e |nvent|on 0047] Figure

hree-d
scnemat i ¢ RO i sl f%ﬁf’@.%e%o 08 eta@a‘faeﬁ%ﬁ PIRE? Figure

| c shows schematic cr ct| w of t probe elenent 00., The
pr obe eleﬁgﬁPdfﬁﬁsﬁﬁgmﬁacﬂPﬁ ?“‘? éggﬁﬂfrg tpsretaRorfion (148 a9 ihe
blodegradable and/ or bloactlve mat erial. The carrler 102 incl udes Iayer

106 havi ngdge 122 @hickiis viswed a9 tin fepmuthe seassrgecsiontladew shaovr mdiigge d?\hﬂ,ﬂ fr om
the first surface 108. In one enbodi nent, the |ayer 106 may be a pl anar
| ayer por tvopuryed side sedaqes d23. 10, twhhaids surfages 123 tresubstantillg G8ncard Tve

edge 122 of the tapered portion 118 can facilitate the ease of the probe element 100 into a
tissue (e.g. soft tissue such as brain and spinal cord), minimizing the trauma or bleeding
due tovdimpling of the tissue and capillaries.
[0049]. The tapered portion 118 may be used as a drug delivery platform. The tapered

10 portion 118 may be made of biodegradable and/or bioactive material. In one embodiment,
the biodegradable and/or bioactive material may be biodegradable and/or bioactive
silicon. In another embodiment, the biodegradable and/or bioactive material may be
porous silicon. Porous silicon fulfills the requirements of biodegradability and
compatibility with microfabrication techniques. Further, porous silicon can be dissolved

15 in the body within a short duration. After the porous silicon tapered portion 118 is
dissolved in the body, the probe element 100 is as shown in Figure 1d, leaving behind the
layer 106 with electrodes 124 (which are described hereinafter). Biodegradation of the
porous silicon tapered portion 118 can avoid complications due to mechanical impedance
mismatch between the probe element 100 and the tissue.

20  [0050] In one embodiment, the probe element 100 also has at least one electrode 124
coupled to the carrier 102. In one embodiment, the prob’e element 100 may have a
plurélify of electrodes 124. For‘illustration purposes, three electrodes 124 are shown in

Figure 1a, and two electrodes 124 can be seen in Figures 1c and 1d. The electrode(s) 124



10 second surface 110 may be planar surfaces. The | ayer 106 has two
opposite sides 112, 114 which are parallel to each other. The two opposite
si des 112y0Ren/a58254he | ayer 106 gradual |y converge to f @CHIS&2pO0084a2 tip
116. The |l ayer 106 may be nmade of different materials, e.g. bioconpatible
materials. Sone exanples of the nateriF6 used for the layer 106 include
paryl ene, polyimde, SU 8 and benzocyclobutene (BCB). 15[0048]In one
enbodi ment, the carrier 102 also includes a tapered portion 118. The
tapered poglinishb8ed ch l $R0S Ak SMhl BarisermN thosdiifeatiRatklon B frftgulraxner 106.
A surface 119 of 'the tapered portion 118 contacts the second sur?ace 110 of
the | ayer T ufda t |.anar .
lég)%ft ehl% fJ %g gctpci e f}% &?;P%E %ngetléa(}r é‘lﬁterﬁXbéjglﬁ%f:xEt of

The tapere por of a

t he | ayer ngt h of the t ortio 8 y be
srad | o -t A T Et’@t‘? etfhc% atofedtt dne slsepicaload g/SEé‘“eWB affeieine, 12

t aper ed portleg % extend Iong t he whal e ? of the Iayer 106.
Further, tA@lehiodheat lsef PROFe Theglpqtagal tﬁaﬁtj atl%h'élﬁlﬁﬁ‘eti WBEngls)r ect i on
(as |nd|cated by arrow 120) perpendi cular to and away fromthe second
surfacé 1186 grayt he ambpdded] g6 theTheeril A6.nEadhi plgetoodgi Iﬁé?\;madnbfofw\tmgi tapger ed
portion 118 provides an edge 122 along an axis parallel to and furthest
away fromcomespsmbiog diestucilaea dridioroinsulhted Ivayieg 12Q6TheT¢lecttodp@) ¢24 pad theon 118
has a deltoid cross-sectional profile as shown in Figure |c. The tapered
portion 1tRcimasl ledits)adder iddla(edivichgsys 136 edlisiaelearitalpofnnimidation with a
cross-sectional view shown in Figure 1c) and two curved side surfaces 123.

The two siigfeSiheh @asotleldeabft 190 RSthadHeddhtb % tkaRcave. The edge 122 of the
tapered portion 118 can facilitate the ease of the probe elenent 100 into a

tissue (e (ﬂ)SlFOf tDth'e&ﬁPﬁnat%HQl@ n?a%r HNRED f@HarRPlcARin gqger g)eetrdﬁ'e(é 'iQZ-'S%F]Ot he

trauma or bl eeding due to dinpli'rng of the tissue capi | i es 049] The

taper gg p%&rﬁﬂ@@s bt Gnd Iy Ugdi@Seide a&dg@gq‘gl ch% tEPanm Z Sm{n%?ered 10

portion 1 be made o |ode ra bi'bacti ve e I'n one

enbodi nent the i 0 and/ or bi oacti ve ri ma .

b1 odeqr adiunanargPPal SREeT FarF sfioanap Pea mrdtel drdiodf Matgtal byt is

bi odegr adabl e and/ active terlal may. be porous silico Por ous
Silicon f BPESTARLITS leegu%f@ﬁeﬁ ‘Oé‘fOfI@PBtﬂ'éé’rhéﬂ'éB}' IMCEepsinA s é%{;r‘b&tl bility
wi.ith mcrofabrication techniques. Further, porous silicon can be dissol ved
15 in thelW5dl wilpiang egbshisrant, e arabsrelemgnt 400 mpay Rethermckide it kst enser ed
portion 118 is dissolved in the bodg the probe elenment 100 is as shown in
Fi gur e | dfluidicadhagnebetmohdshowe).| aher luids \Mmrmeﬁs)ecmayodbes ugeds fgrahmjedtingr e
descri bed hereinafter). Biodegradation of the porous silicon tapered

porti ofi 1hBurotwphay agetitsaonid tissad toosuppatserchctiveachaiesginse agpkeflaihicee ngwgatat ch
bet ween the probe el enment 100 and the tissue. 20[0050]1n one enbodi nent,

t he probe gaivaheTlie flfidicadhamdi@yp istdn hdiasdnab franget OF tHeqstebel ddmemudoeds the t he
carrier 102. In one enbodi nent, the probe el enent 100 nay have a plurality

of ereptrgﬂﬁéekgﬁntﬁﬂﬁskﬁmHﬁEhﬂﬁﬂﬁmnpﬁﬁﬁﬁ&?ﬁnh&hﬁﬁ?ﬂﬁh&%h&ﬁ@ﬁ@ 124 are
shown in Figure 1 a, and two el ectrodes 124 can be seen in Figures 1 ¢ and
1d. The e'[@tfstsf Odql(lgci}re b24ows a flowchart 200 of a method of forming a probe element. At
202, at least two trenches are formed in a carrier including biodegradable and/or bioactive
20 material. At 204, material of the carrier is isotropically etched beginning from the

trenehes such that the probe element is formed including a first surface and a tapered

portion opposite to the first surface.



10 may be di sposed on the layer 106 of the carrier 102, nore specifically
on the first surface 108 of the |layer 106. Each el ectrode 124 nmay be a

m cr oel ecWP@dH/05333¢ probe el enent 100 may further i ncl uRETHG201WA841DNe

el ectrical lead and/or an insulated wiring 126 coupled to the at |east one
el ectrode 124. The el ectrical |ead(s) d/or insulated wiring(s) 126 may be
enbedded in the [ayer 106. Each el ectrbde 124 may be coupled to a
correspondi ng electrical |ead and/or insulated wiring 126. The el ectrode(s)

124 and t ectysj : uaé‘?r/ EXVINEN L i sh
el ectri calrmcsgirrrrunqlggt@% %)Anﬁ)\?\%%})a t gg‘fjscse \?\Een t{%p){’)&}%g%ﬁéﬁﬁ?e %g%
inserted | i§su 0p51].Diff erent mat erk al.s. nma d for .

nmanuf act u?‘%é rﬁ?‘lslie( @?nengr Igo‘{e%? g%lgifgfwes%ﬁ%mfbg%i%}fee@a%ﬁ Bﬁgéﬁéﬁ dsposited ¢ or

t he el ectrode( 124 include titanium .platjinum _iridjum and n-doped
silicon. 5‘6‘?"&1‘?’ §F‘T‘We’égﬁxhﬁf?‘i§5‘a§ mcéﬁtdieﬁ?s"g‘?”egthfsdﬂ"bskré{"e Y2amap igclyde |
necessary to first inhibit biodegradation of porous silicon by increasing
its stabi kqtragthyl onimssilicateohbe mb%ilmem,m@héaw olickriesnehebon0.-5nd§ Hour t her
i nclude at | east one fluidic channel (not shown). The fluidic channel (s)

may be5 us@te faarriégrnp @t tmayg bd S aubsitateophi wafaig 808 s Tha ddmeert B&4 ugayt dncudepr ess
reactive tissue response and facilitate neural growmh. The fluidic

channel ( spiodsgradabdslaiid/drobidhctive ahdiérgal Ofn bie cibodife, @EBloddddabRSarddng probe
elenment 100 is still able to fulfill its function without the fluidic

channel ( ShioalPRGRAtEA WA b ﬁ&&gﬁadmé bAYENE64ctiROQiliebn. 3n TRIRQEnhdf@htl NY a

probe el enment. At 202, at least two trenches are forned in a carrier

i ncl udi ng tlQi @g@e%;zﬁlqglg ! aﬁd/%F l@{/ogr:ti\t%i rggtgﬁ«iﬂvrﬁa% gen E]SE#O%E isﬁ{cﬂré. heszﬁ(i?nr@gtglri%%al of

the carrier 1s Isotroplca et ched begi nni rom renches such that
EBSOE{ ?le)ef)g ltl%eeﬂgglr%ifri, 294{ g%ulgetgeg!é 2)?' vlngierr}gmgy fbierc':sotnvg#gJ & p%poqls asiltlc%%elge%grepor tion
10 micromachining of the probe element 100 (at wafer scale). The silicon material of the
carrier 304 may be converted into porous silicon by electrochemical anodization or stain
etching.
[0055] Figure 3b shows that the mask film 302 is patterned to expose parts 306 of the
carrier 304. The exposed parts‘ 306 of the carrier 304 may have a width of about 10-

15 100um. The patterning of the mask film 302 is performed by ultraviolet lithography and
reactive ion etching. For example, the mask film may be patterned in a reactive ion
etching chamber after ultraviolet lithography. In one embodiment, the patterning of the
mask film 302 may include forming a resist (not shown) above the mask film 302. If the
resist is a positive resist, parts of the positive resist to be removed for patterning the mask

20  film 302 are exposed to light. If the resist is a negative resist, parts of the negative resist
to be rémoved for patterning the mask film 302 are not exposed to light.

[0056]“ Figure 3¢ shows that the exposed parts 306 of ﬂxe carrier 304 are etched to

form trenches 308. At least two trenches 308 are formed in the carrier 304. For



11 [0054] Figures 3a to 3g show a process of form ng a probe elenent. Figure
3a shows that a nmask film 302 is deposited above a carrier 304. The nmask
film 302 W6 2du9581ted above the carrier 304 by plasma eRRAMBGAUODSPIASi ti on.
The mask film 302 may include tetraethyl orthosilicate. The mask film 302
may have a thickness of about 0.5-2.0 Ege carrier 304 may be a substrate or
waf er 304. The carrier 304 may include bi odegradabl e and/ or bioactive
material. In one enbodi nent, the biodegradabl e and/or bioactive nateri al
may be bi gglagh rFosRH Gnf vl tRAERds D8 S {HoVR: H'()U«e@&%xﬁf‘erthmﬁﬁ Ly the
bi odegr adabl e and/ or bioactive material nmay be porous silicon. The silicon
mat eri al C I - t 1 b 0 rteg i to

por ous si?p%%ﬂﬁ%zgéﬁg?@ﬁﬁgﬁgﬁgﬁggh?ﬁ%ﬁaggfygﬁg&%¥g%é2@%@%€%¥%Ewﬁﬂkg waf er
scale). The silicon rial of the carrjier 304_ppy be converted into
porous si it aheisyhiect o £ RIS R Al Feeh R0 saaaTied et afig, camying
100551Fi gure 3b shows that the mask film 302 is patterned to expose parts
306 of theuterippiag ofale repise Ehepeiskiag parthe egppedbanhd0¢ af thecardeulffais have a
wi dt h of about 10- 15 10011m The patterning of the mask film302 is

per f or fred ciryied butrinaideéreteattivtehon etalming spstenr eact i ve i on et ching. For exanpl e,
the mask filmnmay be patterned in a reactive ion etching chanber after

ul travi ol ¢a057] t hdguap by shdws thaepl ssirioshihamsed tetidathyp atth @il itaRRe 10fis &dpositaask film
302 may include formng a resist (not shown) above the mask film 302. I|f

the resisin te @erldR& 308/ THeaslhsia cilAhicd Riradihfl RARIstlicH® T18Siks HepbPrelSn! €MOVeEd
for patterning the mask 20 film 302 are exposed to light. If the resist is

a negati Vgide®ailsSi12 BRI the b%ftorfnhﬂ ANt itr\éﬁcl{eggbg Tl?eloglﬁtﬁng F@gaég Ie%ethyl

patterning the mask film 302 are not exposed to I gure’ 3c

shows thagﬁg&ﬁ,&?éﬁggg‘%@%&?tég@ﬁg ofga(rgagutcﬁfolbi-l%booo’ 4 are etched to form

trenches re are fornmed in the carrier 304. For
12 ilh st LPn rposes, only two trengﬂe 308 are shown ver, nore
than 0o IPERE eS8 3EanoRt ey HodtienthBinear FrbmesbiEnanhyl SHERIIEE 308
may have 2 @eptﬁ@ f about 40-140 1-1.M The etching of the exposed parts
306 of thélERrishef [BEANqVE hedenosiiedripsmag ?r&mefé}rtme%@vl Sutboglisatgpl higomt ¢ he
resist. The etchina of the exposed parts 306 of the carrier 304 is carried
out in a Hedpttewadddiofdhq wenchescHIBrig expase armas 3008l theicguicr 38t andhovisen that
pl asma enhanced tetraethyl orthosilicate 310 is deposited
deposited plasma enhanced tetraethyl orthosilicate 310 on the sidewalls 312 of the
trenches 308. The deposited plasma enhanced tetraethyl orthosilicate 310 may be
15 removed from the bottom 314 of the trenches 308 by a reactive ion etching oxide etch
process. The reactive ion etching oxide etch process may be carried out using
trifluoromethane (CHF3), argon and tetrafluoromethane (CF4).
[0059] Figure 3f shows that the exposed areas 316 of the carrier 304 are etched (e.g.
isotropically etched) to form a desired shape for the tapered portion 118. The exposed
20  areas 316 of the carrier 304 may be etched by plasma etching in a deep reactive ion
etching system. For example, the exposed areas 316 of the carrier 304 may be etched by a

timed sulfur hexafluoride (SF6) plasma etching in the deep reactive ion etching system.

The tapered portion 118 may have a deltoid cross-sectional profile. The tapered portion



in the trenches 308. The plasnma enhanced tetraethyl orthosilicate 310 is
deposited on sidewalls 312 and the bottom 314 of the trenches 308. The

pl asma erweroadssmstr aet hyl orthosilicate 310 may have aPChiSGeow®8049 about
5000- 10000A. 10[ 0058] Figure 3e shows that the deposited plasnma enhanced
tetraethyl orthosilicate 310 is etched,fo renove the deposited plasna
enhanced tetraethyl orthosilicate 310 * omthe bottom 314 of the trenches
308 to expose areas 316 of the carrier 304 and to keep the deposited plasna

enhanced t4¢g haghh g oIt £AEALE OB tfﬁdjp AW {3 tichbf vy %)Hb%vnt menches

308. The deposited plasna enhanced tetraet orthosilicate 310 nay be 15

removed f o é?@aR@R%ﬁﬂh§ i Jm&ggﬁhﬁ§nches 308 by a reactive ion etching
%%oc SS. er

oxi de etch eactive ron"etching oxide etch process may be

carried o ing..trifluoromethane (CHE3),, argon and. tetraf] yoronet hane

( CF4) . [03@{9}‘ i gﬁ:r‘%urgf ERBHES ttpi%t ﬁFhB‘a&'&pFBE‘eéggr@ﬁs thq CBPS‘FHe‘eHa?twer 304
are etched Beng. igptropicall etched) to forma desired shape for the

t apered pORbesbrate; Blmiriseremenerd famothe stehied caumeroi04; g b ppifered spidermiist be
etched by plasma etching in a deep reactive ion etching system For

exanpl &, = etshingxpdaved 166 baidnga Grsppurfase 108 prd 2 peco0d syrfaze B &0 srayhedispgsed t i ned
sul fur hexafl uoride (SF6) plasma etching in the deep reactive ion etching
syst em Theoveape tapdredgrariiam ! 1181 6. greon draabeve thkebriicel 1¢9 of shesmptred pattiopr of i | e.
The tapered portion 13 118 has an edge 122 (which is viewed as a tip from
t he crossdsgctlihenatfasd £19 shawntaperedipgition BB g Hewn contacediti @e ssebnaces
123. [0060] Fi gure 3g shows that the nmask film 302 (e.g. the deposited

t et raet hykurgdctha®i ofi hatigyek i108) Al JedsEORY 8RcirsRM N e £t GReleGIded 94)304 e. 9.
by buffered oxide wet etching. A layer 106 having a first surface 108 and a

second sughaft& b LGiRYrhe HssreRady@ieye the tapered portion 118 (e.g. on

or above the surface 119 of the tapered portion 118). The surface 119 of

t he | ayer eas he el e el ectrodes

led to a first.surface 108 of the | 1 0[.0061 natively, th
1 Toon miGPPighS 5P aRFoyar s abe PishSkitmanly o oy ke LA R ok bl

silicon aﬁher.structur ng.the probe el ement 100 (at individual device
scale). T ¢ siliepn Blaternal %fgﬁhaﬂap&fedtn?éﬂ?rabb% B3Y P& conited 180 pripus silicgn Per t ed

into porous silicon by electrochem cal anodization or stain etching.
: electrochemical anodization or stain etching.

[0062) Figures 4a, 4b and ‘4c': respectively show experimental results of a critical

15  buckling load of the probe element 100 and two conventional probes 402, 404. The probe

element 100 has a critical buckling load of about 32mN. The first conventional probe 402

has a critical buckling load of about 68mN. The second conventional probe 402 has a
critical buckling load of about 50mN.

[0063] The two conventional probes 402, 404 are stiffer than the probe element 100.

| 20  However, the isotropically etched sharp tip and edges of the probe element 100 allow

ease of insertion of the probe element 100 into a tissue. As such, the mechanical strength

of the probe element 100 is greater than the force required to insert the probe element 100

into the tissue without buckling or fracturing of the probe element 100. Further, the



[ 0062] Fi gures 4a, 4b and 4c respectively show experinmental results of a
critical 15 buckling | oad of the probe el enent 100 and two conventi onal
probes 4080 24040532Fhe probe el ement 100 has a critical bREKISGAO0I06GA Of
about 32mN. The first conventional probe 402 has a critical buckling | oad
of about 68nmN. The second conventional‘ﬁrobe 402 has a critical buckling

| oad of about 50nmN. [0063] The two convkht i onal probes 402, 404 are stiffer
than the probe el enment 100. 20 However, the isotropically etched sharp tip

and edges gggreh RrinOPR cﬁ*tﬂgigﬂbe]eﬁ’ﬁnétt 1%":1? rﬁﬁ’afde' \Dﬁlfibttfleop?]sg &R obe

el enent 1 0 a tlssue suc cal ren he brobe

el enent 100 is gr te eforere Hed 0 inser amm
100 into t{Re fi sshﬂgd efnh d’iets {) RPN Hd2%F F Pl & W@O%’Pattbhee fyéfgeé ‘gtf‘é

100. Furag . 5 % t apered . ortlon 18 of the prohb elenent 100 nay
degr ade wPdfRdffion Al 4a5 ROy siliconaperrd AU AR 1B ehavar cempligbenadue tan o

| ayer 106 (e.g. bioconpatible polymer |ayer). Blode%radatlon of the porous
silicon t mselraé&abquewemorrwﬁ bebwsen the Rpstbieclementd VA pad tthe sen donlikal

i npedance mi smatch between the probe el ement 100 and the tissue. Unlike the
pr obe &l ethenprob®@lentehe 108othe aweesuniventmnabpmbes 442,24040% wotebipddgradable

bi odegr adabl e and/ or bi oactive. Thus, the nmechanical inpedance m smatch of
t he two cemi/@nbicanak. Phad)ake 42hard@dl imvptdanté enibmashefi thp @se oaventishdl a
strain on the tissue, inflicting nore danage. For chronic inplants, the
function pfobt80x; crpdenith aatisshe ABSsed Qd, exb@stiiBY oh ahd tidhe Ainflic@ingth&gue may
encapsul ate around the el ectrode(s) of the conventional probes 02, 10404.

100641Fi g@dfage. BEOUR0C 1RPTRAL Ghd hMiOSE BF BRvE t 500.
The probe elg%ent 566 may héve a eogth ofcgboutgﬁgiﬁﬁ%sggfafﬁt ﬁﬁ%”about

2Per2rggtl 5 O{I"Q&r %“\Q}ia Jéﬂ&ﬁg?sﬁ at‘?g}gg ?‘gze%%m an(gﬁgft%]h t?‘%‘s‘g‘xaéﬁ’%ﬁ @3 m

In onﬁ)engﬁ i ment, the probe elenent 500 15 may have a | ength of about 2
a w dth of about 123 rn, and a thickness of about 60.m The tip 502 of

the pr obe 500 e a w.dth of about 3 mand a thicknes

about 5 O%Pﬁ.l é%‘"%ﬁﬁngé‘lv?@%ﬁ@a“t Hevangtetf Andrremptary ﬁ@%rﬁbﬂ&%?% £ and
the tip of the probe elenent are different. Sinulation is carried out for
the exenpprabyelsmenieS09 manhavesdengtinofahaut Lehmm, atriddtafabowti50R04 1m,gndpe
cross-sectional profile 504 20 which approxi mates the probe shape (e.qg.

del t oi d) othi¢kmessfabeutel0e8tpini. THe Gipi 32 WS etk frobe élbMent I00Imdyi e a Wiéth of
sinmulation results show that the critical buckling | oad of the probe

el ement S0, §t8g'ir?éHdeJ thidRAEs P Gbdlit AL 1h 3he EmbS &R E the FoBHMANGSR shhe Probe

el ement 500 into a tissue.
15 may have a length of about 2 mm, a width of about 123 um, and a thickness of about

60pum. The tip 502 of the probe element 500 may have a width of about 3 um and a
thickness of about 5 pum. In other embodiments, the dimensions of the probe element and
the tip of the probe element are different. Simulation is carried out for the exemplary
probe‘element 500. A cantilever structure with a T-shape cross-sectional profile 504
20 \t/hioh"approximates the probe sbape (e.g. deltoid) of the probe element 500 is used for
the simulation. The simulation results show that the critical buckling load of the probe
element 500 is greater than the minimum force required to advance the probe element

500 into a tissue.



15 [0065]If the probe elenment 500 is made of e.g. solid silicon, the probe
el enrent 500 can be advanced into the tissue w thout facing the problem of
buckl i ng WOrew/&#5#d silicon is a highly stiff material PGTSG2MO001S
nodul us of about 200GPa. If the silicon becones porous, the stiffness of
silicon is reduced and nmay be reduced ﬁgoportionally Wi th the porosity
rati o. Porous silicon having a porosity ratio of about 70% has Young's
nodul us of about 12GPa. If the probe el enent 500 is made of the above

descri bedFMSPUS 15 {Heigr O EIBhEAtISab .is fage S BY! %lidoé?lid?ﬁ%tlﬁ?ﬁ@&eaél@m@m%"obt i cal
buckl i ng [oad of about 21nN for the probe el enent 500. 1006610One or nore of

the ab Ovecgl Jdivpr?CQd RE8 l?l?e't s@é‘@ﬂﬁouﬁ Q&lﬁ%ﬁng IBgorbll'eg-? ?ﬁhl]ﬂ‘bal‘@ﬁ% %19?% %H?féiasgic%ﬁ' €

C.
el ectroni ¢ device for neural recording

application of, re ilitati. and, neur,gpr ot hesi h i nvasive

or b1 e e eyl ey S MEPRERY 8 B0 200 4P sePRLERES 1 e o
e.g. a brain tissue_for e.ral.reco&%in and/ or stinulation. The

i sot r opi cBYTPYS: dhe Aidngs? of siligonfs Foruced Bidemay SRurioced BamorPaly PaShBED tip
and side edges allows the probe elenment 100 to transect the brain tissue
acr 0ss’ t heorpeify ratig. Rgrems-siligea harimgfaporosityiratihebaboyt 7Qnéiap Yaung's mpdulisas t he
probe elenment 100 is advanced into the tissue. Thus, initial insult and
penet r at i ohatioualZ@P4. df thaerédreailement S8hés mage bethe ellocedtscriedgroronisrsilivah
tearing of the tissue may occur. The tissue encapsul ation around the probe
el enent 1f@teriahithd simayatd@abmby keregate har exitical buckding doadgf about A mN ddrethel enent
100, may be reduced. 20100671However, given the stiffness of the probe
materi al pRBe tRMeAn0IdD. brain ti ssue undergoi ng constant micronotion, the
cutting insult may continue to linger even after the probe el ement 100 is
inserted. (dbbE’ DrRtGEMYRWI%hE IbdVY ddsEhRd H¥be BRRIPPE) §la§BReNised W ant hE
brain tissue can heal and conpletely recover fromthe wound within six
nont hgy i f . i s . :nsertion.
e ot o PGP RERRR: SRR pOA deSl R o llenBh 5 o b BRORER" (O
under contyoll.ed .sterile conditions. On the,other hand or oni c

ot ant o, o Rtgfaeh FLaGaTRBE SRR s JVab(S Rl huorlith ML TS 1y

| aunch a re ctive ig@gnor sponse which fo SC ti ssue ar.ound .t he

ns_ a
probe. ThBFO8E glemenk {0 may he inserted iptooq,g-o2 Bpau} UrsuRepr Bl Keorpe and/or
el ectrode(s) 124 of the probe el enment 100 from neural cells. Thus, the

per for mansEnyatione Jhg psogepisaliaetrad riptlerod dan prohg clsmeph 00w g ultesham P 100
may be degraded as the signals decay rapidly with the increased distance
bet ween t frd dfeedgesddlpwy theoprobpglemisnt H¥litoatransedt|the brain tigsye @eroshtheffoll mat i on
of scar tissue, various materials that are nore conpliant such as

bi ocohpat itk apdthgrfell shickmessuafi thgbrain tissue as the probe element 100 is advanced into

the tissue. Thus, initial insult and penetration trauma to the brain tissue may be reduced.
No or minimal tearing of the tissue may occur. The tissue encapsulation around the probe
element 100, which may debilitate chronic functioning of the probe element 100, may be
reduced.

20 [0067-]‘: HoWever, given the stiffness of the probe mateﬁal and the soft brain tissue
undergoing constant micromotion, the cutting insult may continue to linger even after the
probe element 100 is inserted. After a stab wound is inflicted by the probe element 100,

the brain tissue can heal and completely recover from the wound within six months if the



10 polyimde, parylene, SU-8, and benzocycl obutene (BCB) nmay be used for
the probe elenent 100, in particularly the |layer 106 of the probe el enent
100. PostWPens053aSdton insult to the tissue may be reduc®GTSEG200@0¢I1Ng

m smat ch bet ween t he mechani cal i npedances of the brain tissue and of the
probe el enent -100. Nevert hel ess, the nﬁge conpliant the probe el enent 100
becones, the nore difficult it gets to insert the probe 15elenent 100 into
the tissue before reaching the critical |oad of buckling. 100681Further, a
bi odegr adgFHb% AP T 0(Pis Q@RS UG RRART R inSE o 1B QoA b SfBclIPlo iﬁé}ﬁifgﬂfébe
el ement 100 (e.g. the tapered portion 118 of the probe el enent 100). Thus,

t he probe . he r [,O ] . {Qactive
post pr ocod iy et AR UBCELRAR Bilet SulRuth AR BRE Tk Ble 0271, 0
facilitate t insertion of an.array 20,of m¢roel ectrodes and their

hosoc at edes) de et 'GPaRly M PG Hhale s Bt S el Gl ASBisB bR Pe o
the probe_elenent 100 is allowed to dissolve within the tissue_|eaving

behi nd a LR R AFACUYGHIHMERQrESPIRIeayhIGh f?ﬁr@rao%:%ewsa&mgﬁl& RRBS- The 363 at ed
metal tracing (as shown in Figure Id). Several biodegradable and/or

bi oact ? ve tigsieaets a5 an nawlates further saparatingwhexdectrode(sp bid thampba eemeudlf 17 t he
tapered portion 118 of the probe el enent 100. However, a material, which is
al so  conpéioimohaarabictlls. Tthus, diegizrfocmancemf pewekstimmdatidnsandagsiordibg ef the @ede 1 For
exanpl e, silicon, which is a raw material comonly used in

m cr of abr ielzgiieh0 000 may rvetddpraded gs adadifaladebagrrapidyawith e indasdedistakiel | con
becones bi odegradabl e and/ or bioactive when it is made porous. Turning

silicon i BE@veBRHRUSecibA(S)] 1I4eandaRe Raurslerlls ZRrellidcoM8 forfhablon 6f &6f figakeni cal
anodi zation or stain etching. The porosification technique can be applied

ei ther on fR& " AedMOh4t2de rhdef @hipiaR QlchP&f BloorpAbRBEIN RIS Rbinghe

probe el enents 100 or after structuring the probe elenents 100 (i ndividual

oo B gl LR SR\ COBERL Renr IR, i [F I sfgeel o
conpat i bl %levrgekp 100, in particularly the layer 106 of the probe element 100. Post-penetration
insult to the tissue may be reduced by reducing mismatch between the mechanical
impedances of the brain tissue and of the probe element 100. Nevertheless, the more
compliant the probe element 100 becomes, the more difficult it gets to insert the probe
15 element 100 into the tissue before reaching the critical load of buckling.
[0068] Further, a biodegradable and/or bioactive material may also be used for the
probe element 100 (e.g. the tapered portion 118 of the probe element 100). Thus, the
probe element 100 can be rendered to be biodegradable and/or bioactive postprocessing.
Once the probe element 100 fulfills its function, i.e. to facilitate the insertion of an array
:20 of microelectrodes and their associated electrical wiring into the tissue, the tapered
portion 118 of the probe elemént 100 is allowed to dissolve within the tissue leaving

behind a compliant thin-film array of microelectrodes and their insulated metal tracing

(as shown in Figure 1d). Several biodegradable and/or bioactive materials can be used for



m crof abrication techni ques. 100701El enrental silicon is an essential trace
nutrient. Bi odegradation product of porous silicon, orthosilicic acid

(Si (OH) 4)Woi811y43825#or m pr edom nant |y absorbed by hunans PEm$G26100894a9 al | y
found in numerous tissues. Furthernore, silicic acid adm nistered 15 to
humans is efficiently excreted fromthg7 body through the urine. Nornal
human bl ood plasma and serum contains Silicon al nbst exclusively as
nonosilicic acid Si(OH), at below 1 ng/L corresponding to an average

dietary i H{eaﬂﬁﬁerg(% g@hﬁ)‘ﬂt 1130558 rﬁ%ﬂiaMemIrnel(F)Wolwekfg%%m%ﬁal?fwhwﬁeis Qlﬁ(l)ous

silicon tapered rtion 118 of 'the probe el enent O may mnimze e

i keli h00?a@f’a&b%{wﬁg%ﬁ%?%@5&%}0%3’3 Cegszljeng d%ﬁ?h%ﬂ:‘?d' For exanple, the conplete

20 disso on o € array having about 2-mm | ong, about
50-pmt hi 1 crqporous siligon probe el enments 100 corresponds to, an

i ngest i on?{g}&] es(s)'potrhﬁﬁa 8utSﬁT°ﬂ’g,‘gl\’Rﬁ? ch i%s PEs MY fWBB’BPg’a\}’é?q afl e
silicon found to be present in a pint of

) beer. . WO .
2011/ 0532 54pefbrestino/is 0wl 1odegraglably 1 and/er Rigactiven Howsigh HHERN bsFPESssol ve
porous silicon within a short duration. For exanple, SEM observations for a

vari ety obiodegradablejand/enhiogetiecwheredt ispmade @arausnguming, sidicen ptp aposesbody
fluid (SBF) indicated conplete renoval of nesoporous |ayers having about 1
m t hi cknessyctabaab bZ(esljzed dspigh apdeledinwher6ol aidizasor baseinagtdangiThei n a
day or so. [00721The rugged topography of porous silicon may be benefi ci al
for the tpsosficaiviprthriqle day tefapplied pitlgsh @nethe @ntsuis@ie (Rhagerrsesle) baferet i ssue
response that generates a capsule of connective tissue around the probe
el ement  1@{croBMcHIRing QRS BRbe @RentdA® 100 or after structuring the probe elements 100
(individual device-scale). Therefore, porous silicon can be chosen as the material for the
- 10 probe element 100 as it is biodegradable and/or bioactive and is compatible with
microfabrication techniques.
[0070] Elemental silicon is an essential trace nutrient. Biodegradation product of
porous silicon, orthosilicic acid (Si(OH)4), is the form predominantly absorbed by
humans and is naturally found in numerous tissues. Furthermore, silicic acid administered
15  to humans is efficiently excreted from the body through the urine. Normal human blood
plasma and serum contains silicon almost exclusively as monosilicic acid Si(OH), at
below 1 mg/L corresponding to an average dietary intake of about 20-50 mg/day. The
small thickness of the porous silicon tapered portion 118 of the probe element 100 may
minimize the likelihood of toxic concentrations being reached. For example, the complete
20 dissolﬁtion of a 10-by-10 probe array having about 2-mm-long, about 50-um-thick

microporous silicon probe elements 100 corresponds to an ingestion of less than about 1

mg, which is less than the bioavailable silicon found to be present in a pint of beer.



surface topography of the probe el enent 100. For exanple, the capsul e of
connective 10 tissue forned on solid silicon showed an increased thickness
over tinmewotwliessise capsul e of connective tissue fornmedpom/SGhelopossons
silicon showed a constant and smal |l er thickness over time. Surface

t opography of about 1-2 m of porous sihécon may all ow direct fibroblast
attachnment to the surface of the porous silicon and nay produce a m ni nal
connective tissue response. It may al so prevent or dimnish the presence of

15 infl arnm}l?ry FitHes (B¢ hirigh bodyeEnadi&oRRIPBAR dilknPriake 1heARME4R0 and
e

the tissue. the pores of the porous silicon are |arger than about 3.3 m

i nf | ammat gLy eehlis, S;Wtdb@é’ﬁﬁ?on%h& POLSS ogﬁgmug @gicbﬁ @&&&uﬁeygggwefa@tgg of the

porous silicon. Thu he conposition o pr obe el enent see to be

of secondar.y. | rtan r to the surface textyre of the praobe

ol enent 100 KaySHAE S WRR ISR, Ml feeriimrle stSEl I E Fesrbt OB i e 20
above and its bji odegradahl e and/ or _bi oactive feature coul d address the soft
tissue tr&aKas awtémgaﬁ%ﬁfs, FRAYEL focrPrestty agf ﬁlé%tti%mgr%%la%cwswtm o the
extent that the presence of electrodes 124 and their dielectric insulation
for chfoniadayepsants woul d be of negligible concern. WO

2011/ 053254PCT/ SG2010/ 000419 19 [0073] Wi | e enbodi nents of the invention
have been [@2] i culler tuggeh copogeaptly ded gorousedlivint may dfecbarficiak forstheaisfuec
enbodi nments, it should be understood by those skilled in the art that
various chamgability Jfohepastt eleinant 100Thearetrde tish@s fispondk tha UenélaRarat i Ng
fromthe spirit and scope of the invention as defined by the appended

clai ms. ThgpsikoPechnedNR HRYEBIJAD the pidbEldidi QdbetaPYe tdferABRERAR]L Cl ai B
and all changes which conme within the neaning and range of equival ency of

the clai my, (e HASHEROM & hP LSO eh8yPROCERE 36HHbIe! Beldbad jvet he
fol | owi ng docime tsrggas'e cl: t(tépd: 1%6%'%] P@ Carrplg)é R e’K@eJ‘%hes, 8%5@8 tévre, KW
Hor ch, jand RA Nor mann, A _§ilicon- based 3-dimensional neural interface -
vanat 45 o3PS DR opid shlckh SR O Re LA AR ORR R Ale RRRSHARC
Bi oned. Eng., 1991, 38 8%&n%$8 %2$KD MVseq.AM, odagar, Y Yao,(ghlcﬂlari, GE
Perlin, afh RORgXE tissue cPHPE POFVTR IR SRVET Bt FOBNRYS angy sepaller
i mpl antabl e neural m crosystens, Proc. |EEE, 152008, 96(7), 1184

thickness over time. Surface topography of about 1-2 pm of porous silicon may allow

== 4)]

direct fibroblast attachment to the surface of the porous silicon and may produce a
minimal connective tissue response. It may also prevent or diminish the presence of
15  inflammatory cells at the interface between the probe element 100 and the tissue. If the
pores of the porous silicon are larger than about 3.3 um, inflammatory cells can invade
the pores, i.e. infiltrate the surface of the porous silicon. Thus, the composition of the
probe element 100 seems to be of secondary importance compared to the surface texture
of the probe element 100. Nevertheless, the shape of the probe element 100 described
20 above and its biodegradable and/or bioactive feature could address the soft tissue trauma
and subsequent formation of connective-tissue capsule to the extent that the presence of
electrodes 124 and their dielectric insulation for chronic implants would be of negligible

concem.



20 CLAIMS What is clainmed is: 1. A probe elenent, conprising: a carrier
conpri sing bi odegradabl e and/ or bioactive material; at |east one el ectrode
coupl ed twotha/s3asai er. 2. The probe el ement of clai m 1pciBGehenminiit he at

| east one el ectrode conprises at | east one mcroel ectrode. 3. The probe

el ement of any one of clainms 1 or 2, MngEIn the at |east one el ectrode
conprises a plurality of electrodes. 4. The probe el enent of any one of
claims Ito 3, wherein the carrier conprises a tapered portion; wherein the

tapered pegg73pn ORRI ieafbodimapdedr adanheendbs/ l?arvebb&ﬂ%éxﬁ@ul% %hb\% amd- The
probe el enent of claim4, 20wherein the carrier conprises | ayer having a

first surfachealdifh Re&aRd t%ugpegl(l\"% embodiments, it should be understood by those

skilled in the art that various changes in form and detail may be made therein without
departing from the spirit and scope of the invention as defined by the appended claims.
5. The scope of fhe invention is thus indicated by the appended claims and all changes
Whi:ch'icome within the meaning and range of equivalency of the claims are therefore

intended to be embraced.

In this document, the following documents are cited:

10 [1] PK Campbell, KE Jones, RJ Huber, KW Horch, and RA Normann, A silicon-
based 3-dimensional neural interface — Manufacturing process for an intracortical
electrode array, IEEE Trans. Biomed. Eng., 1991, 38(8), 758
(2] KD Wise, AM Sodagar, Y Yao, MN Gulari, GE Perlin, and K Najafi,
Microelectrodes, microelectronics, and implantable neural microsystems, Proc. IEEE,

15 2008, 96(7), 1184



facing away fromthe first surface; wherein the tapered portion is disposed
on the second surface of the layer. 21 6. The probe elenent of claimb5,
wher ei n tWe 2bayss25¢onpri ses at | east a planar | ayer por PCOSG2I0/00ha9 pr obe
el enment of claimb5, wherein the tapered portion conprises a

di m ni shing dinension in a direction pg{pendicular to and away fromthe
second surface of the layer. 8. The priobe elenent of clains 5 to 7,

wherein the tapered portion extends along at |east a part of a |l ength of
the | ayer cplgapgl wherein the di m nishing di nension of the tapered portion
provi des an edge along an axis parallel to and furthest away fromthe
second surface of the layer. 9. The probe el enent of any one of clains 1 to
8, wherei n the bi odegradabl e and/ or bioactive nmaterial conprises
biodegradg@l .1ggnd/or bi oactive silicon. 10. The probe elenent of claim?9,
wherein t agpé:éﬁfgﬁhble and/ or bioactive material conprises porous
silicon. 2011. The probe el enent of any one of claims 1 to 10,

5 L A probe element, comprising:
a carrier comprising biodegradable and/or bioactive material;

at least one electrode coupled to the carrier.

2. The probe element of claim 1,
10 wherein the at least one electrode comprises at least one microelectrode.
3. The probe element of any one of claims 1 or 2,

wherein the at least one electrode comprises a plurality of electrodes.

15 4 The probe element of any one of claims 1 to 3,
wherein the carrier comprises a tapered portion;

wherein the tapered portion comprises biodegradable and/or bioactive material.

5. The probe element of claim 4,
20 wherein the carrier comprises a layer having a first surface and a second surface
facing away from the first surface;

wherein the tapered portion is disposed on the second surface of the layer.



wherein the |ayer conprises two opposite sides converging to forma pointed
tip. 12. The probe el enment of any one of clains 1 to 11, WO

2011/ 053280RCM/563310/ 000419 22 wherei n the | ayer PCOspoRI9H80442 | east
one material selected froma group of materials consisting of parylene,
pol yi m de, SU-8 and benzocycl obut ene (f*ID. 13. The probe el ement of any

one of clains 1 to 12, further conprising at | east one electrical
| ead and/or an insulated wiring coupled to the at | east one el ectrode. 14.
The probegel emgpd pRbe BRMeRVT Bfime,ai N5 1 to 13, wherein the at

| east one electrode conprises at |east one naterial selected froma 10group

Of MRLer i al's ORRSER! 8ty B sortirBnk ik BhARLIAT pbiifl um and n- doped

silicon. 15. The e of B to 14, further
conprising: at |least one fluidic channel. 1516.An i npl antabl e el ectronic
device for neural recording and/or stinulation, conprising: at |east one

probe el egent ’?Lepro e(e?lrgrenel(l)tfofc‘almrgB 1 to 15.

5 - wherein the tapered portion comprises a diminishing dimension in a direction

perpendicular to and away from the second surface of the layer.

8. The probe element of claims 5 to 7,
wherein the tapered portion extends along at least a part of a length of the layer,
10 and wherein the diminishing dimension of the tapered portion provides an edge along an

axis parallel to and furthest away from the second surface of the layer.
9. The probe element of any one of claims 1 to 8,
wherein the biodegradable and/or bioactive material comprises biodegradable

15  and/or bioactive silicon.

10. The probe element of claim 9,

- wherein the biodegradable and/or bioactive material comprises porous silicon.

20 11. ' The probe element of any one of claims 1 to 10,

wherein the layer comprises two opposite sides converging to form a pointed tip.

12. The probe element of any one of claims 1 to 11,



17. A nethod of formng a probe elenent, the nethod conprising: 20form ng at
| east two trenches in a carrier conprising biodegradabl e and/ or bioactive
mat er i al ;W02811/053254 i sotropically etching material of tRETS&2OT0@04LgI NNi ng
fromthe trenches such that the probe elenent is formed conprising a first
surface and a tapered portion opposite,to the first surface. 18. The net hod
of claim17, wherein the first surface“Conprises a planar surface portion.
19. The method of any one of clains 17 or 18, further conprising: coupling

at | east one eb@ﬁ}é}ﬁ’dﬁe tlé%/eF Q%n{phﬁést als Wab@6he Qﬁatérﬂ? seREel Sfrom 10 rgg(a.g)bfﬂge

met hod of any one of clains 17 to wherein the blodeg

1521 The neLREl” ‘*f'ﬁ?’%ﬁ"%@"l)f&‘*%hé&iﬁmg R e e e P vacti ve

mat eri al conprises porous silicon. 22. The nethod of any one of clainms 17
to 21, further conprising: depositing a nmask fil mabove the carrier;

13. . The probe element of any one of claims 1 to 12,
5 - further comprising at least one electrical lead and/or an insulated wiring coupled

to the at least one electrode.

14.  The probe element of any one of claims 1 to 13,
wherein the at least one electrode comprises at least one material selected from a

10 group of materials consisting of: titanium, platinum, iridium and n-doped silicon.

15.  The probe element of any one of claims 1 to 14, further comprising:

at least one fluidic channel.

15 16. An implantable electronic device for neural recording and/or stimulation,
comprising:

at least one probe element of any one of claims 1 to 15.

17. A method of forming a probe element, the method comprising:
.20 forming at least two trenches in a carrier comprising biodegradable and/or

bioactive matenal,;



20patterning the mask filmto expose parts of the carrier; and etching the
exposed parts of the carrier to formthe trenches. 23. The nethod of claim
22, WO W0R00383%34PCT/ S&2010/ 000419 24 wherei n t he nmasRCTISIGHIOONpNY Ses

tetraethyl orthosilicate. 24. The nethod of claim 23, wherein the
tetraethyl orthosilicate filmis depos£§ed above the carrier by plasm
enhanced deposition. 25. The nethod of“clains 17 to 24, wherein the

patterning of the nmask filmconprises ultraviolet |ithography and reactive

lon etching. 1Qog6picdilettihdffhtcrhal aithe QRSieP begh@hgBrom th Frefhes such thatAher €i n
the patterning of ?he mask Tilmconprises formng a resist above the mask
film the probe element is formed comprising a first surface and a tapered portion opposite to

the first surface.

5 18. ' The method of claim 17,

wherein the first surface comprises a planar surface portion.

19.  The method of any one of claims 17 or 18, further comprising:
coupling at least one electrode to the first surface of the carrier.
10
20.  The method of any one of claims 17 to 19,
wherein the biodegradable and/or bioactive material comprises biodegradable

and/or bioactive silicon.

15 21. The method of claim 20,

wherein the biodegradable and/or bioactive material comprises porous silicon.

22..  The method of any one of claims 17 to 21, further comprising:
depositing a mask film above the carrier;
20 patterning the mask film to expose parts of the carrier; and

etching the exposed parts of the carrier to form the trenches.

23. The method of claim 22,



wherein the etching of the exposed parts of the carrier is carried out
after carrying 15out stripping of the resist. 27. The nmethod of any one of
cl ai mrs 1 AWOQ0RA)S3254 wherein the etching of the expos@dT{&ro1/006419 he
carrier is carried out in a deep reactive ion etching system 20 28. The
met hod of any one of clainms 23 to 27, grther conprising: depositing plasna
enhanced tetraethyl orthosilicate int trenches; WO

2011/ 053254PCT/ S&G010/ 000419 25 etching the deposited plasma enhanced

tetraethyl or t asidd Gelpk Ak eORKE:c RE-URRPSHSHicleasT™ enhanced tet raet hyl

orthosilicate om-t ttom He frenches to expose areas of the
carrier and to keep the deposited plasm enhanced tetraethyl orthosilicate
on the sidemalls of the trenches. 5 29. The nethod of claim 28,

wherein tgg S|t é gnhanced tetraethyl orthosilicate is renpved
fromthe Bott oot QCFF HRRes by a reactive i on etching oxide etch
process. 1030. The met hod of clains 28 or further conprising

et chi ng the expdewEi Bedeitactyl pﬁboselsﬂateifélmsOdenoemdaabaé%Eheec@n@namlasma t he

probe el enent; and
5  enhanced deposition.

25. The method of claims 17 to 24,
wherein the patterning of the mask film comprises ultraviolet lithography and
reactive ion etching.
10
26. The method of any one lof claims 17 to 25,
wherein the patterning of the mask film comprises forming a resist above the
mask film;
wherein the etching of the exposed parts of the carrier is carried out after carrying

15  out stripping of the resist.

27. ' The method of any one ef claims 17 to 26,
“wherein the etching of the exposed parts of the carrier is carried out in a deep
reactiQe ion etching system.
: 20
28.  The method of any one of claims 23 to 27, further comprising:

depositing plasma enhanced tetraethyl orthosilicate in the trenches;



renoving the deposited tetraethyl orthosilicate filmfromthe etched
carrier. 1531. The net hod of cl ai m 30, wherei n the exposed areas of

t he carriwp2ari@satsehed by plasnma etching in a deep reacPCTSGom0/0et4ahi Nng
system 32.The nethod of clainms 30 or 31, 20wherein the deposited
tetraethyl orthosilicate filmis renoved fromthe carrier by buffered oxide
wet etching. 33. The nethod of any one ©f clains 17 to 32, WO

2011/ 053254PCT/ SG2010/ 000419 26 wherein the carrier is a silicon wafer.

34. The net hod aﬁhlﬁé%énégosn@é‘ tlzﬁ ﬂ{z‘gééds }el?quthgl rthosti c{lyeic;[ 'r(g'lgox;ehﬁleSI licon

wafer into a porous silicon s ruc y elec en1ca anodi zati on or

stain et Cgelpoglted plasma enhanced tetracthyl orthosilicate from the bottom of the trenches to

expose areas of the cammer and to keep the deposited plasma enhanced tetraethyl

orthosilicate on the sidewalls of the trenches.

29, The method of claim 28,
wherein the deposited plasma enhanced tetraethyl orthosilicate is removed from

the bottom of the trenches by a reactive ion etching oxide etch process.

10 30. The method of claims 28 or 29, further comprising: -
etching the exposed areas of the carrier to form a desired shape for the probe
elemeht; and

removing the deposited tetraethyl orthosilicate film from the etched carrier.

| 15 31. The method of claim 30,
wherein the exposed areas of the carrier are etched by plasma etching in a deep

reactive ion etching system.

32. The method of claims 30 or 31,
20 wherein the deposited tetraethyl orthosilicate film is removed from the carrier by

buffered oxide wet etching.

33.  The method of any one of claims 17 to 32,



WO 2011/053254 PCT/SG2010/000419

26

wherein the carrier is a silicon wafer.

34. 'The method of claim 33, further comprising;
_converting the silicon wafer into a porous silicon structure by electrochemical

5  anodization or stain etching.



