2.8 JUL 2005 M CROPROTRUSI ON ARRAY AND METHODS OF MAKI NG A M CROPROTRUSI ON
Field of the Invention The present invention is directed to m crodevice and
to a microprotrusion array. The invention is also directed to #8tWbd&)sof
manuf acturing a m crodevice, and particularly mcroprotrusion arrays, for
delivering or withdrawi ng a substance through the skin of a patient.
Background of the Invention Various m crodevices are known in the art for
perform ng different NMNMEKROPRETREHION ARRAY AND METHOOS ved interest in
recent years is in the fiaehd MAKINGIAMICROPROTIRVEM@R and m croval ves. The
m croval ves have been shown to be useful in many industrial applications
including the field of drug delivery, fuel delivery systens for interna
conbustion engines, as well as ink jet printers. These devi ces have been
made by a nunber of different processes. The many techni ques that are
comonl YFigkRef the kventidir | cation of el ectronic devices and integrated
circuit chips_are surtable for mcromachining of mcromechanical devices.
These ni cr odelhe peesand invgsitioal i gireetast tognicredercerapddo amieopraalsiorchani cal

syst ens The devi.ces_ are extrenel l.l_and can. be nmde from

umer ous habn s rter Pl it Ml elF &Y marFiRed ATEhEciEnres

si |'i con pafigtiarasnigegstotrisioReara\ise drede@flefihg OriviitHdraUsd ¥ -suBstRicemigighal S

t hat can be used include glass ‘and ceram cs. An exanple of a mcrovalve is
di scl osdbeisiinpia peieeht No. 6, 056,269 to Johnson et al. The microval ve

di scl osed therein includes a silicon diaphragmw th a valve seat and a flow
channel . The di aphragmis positioned so it is able close against the valve
seat wheRaék@ralindPof inventiohl ect ed. The di aphragmis formed by etching
and machirni ng\ét he SiTicon body. A separate actuating force is applied to the
di aphragm t o d@doeusimicrodeviees ase kabwe. in The asicion aerfegmirey didierentriabks. aOne
pressurized fJui,d . qgr a solenaid mechanismto apply,a rce to, on i de of
Phe”ai apigarobifattiasreeanBNan RaREOn TRt R i BR8P sy

assenbl yddvicdaam ndisrovaives! opiesicroVaes FrivebedNoshdwB 83 beadser@ ihenany et al .
The val ve structure is formed bK et ching and machi ni ng a val ve bod]y to form
t he desiinddstsinbperlicatinas dntledipigdhe field of drug delivery, fuel delivery systems for

internal combustion engines, as well as ink jet printers. These devices have been

made by a number of different processes.

The many techniques that are commonly used in the fabrication of electronic
devices and integrated circuit chips are suitable for micromachining of
micromechanical devices. These microdevices are typically referred to as micro-
electrical mechanical systems (MEMS). The devices are extremely small and can be
made from numerous kinds of materials. A common material is silicon in the form of
silicon wafers as used in the integrated circuit industry. Other materials that can be
used include glass and ceramics.

An example of a microvalve is disclosed in U.S. Patent No. 6,056,268 to
Johnson et al. The microvalve disclosed therein includes a silicon diaphragm with a
valve seat and a flow channel. The diaphragm is positioned so it is able close
against the valve seat when the diaphragm is deflected. The diaphragm is formed by
etching and machining the silicon body. A separate actuating force is applied to the
diaphragm to open and close the valve. The actuating device can be a pressurized
fluid or a solenoid mechanism to apply a force to one side of the diaphragm.

Solenoid actuation of a valve in a gas chromatography assembly is known as
disclosed in U.S. Patent No. 4,582,624 to Terry et al. The valve structure is formed

by etching and machining a valve body to form the desired shapes. The solenoid
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2 8 JUL 2005 actuated devices are expensive to produce and portions of the
devi ce can not be manufactured efficiently. Another area of mcrodevices is
inthe field of devices for delivering or sanpling substances thtdlbgils he
skin of a patient. The m crodevices are typically small gauge needl es or
needl e-1i ke devices for penetrating the skin to the desired depth.

M croneedl e devices are desirable for many applications since they are able
to deliv i or

i scont of At R SURHARCE HioEpUd ardiofih? oSV BL FBL RRRR O1, 1
t he n10r0ﬂammﬁ&ﬂhbdkﬁﬂ©e@hle to penetrate the outer Iayers of the skin with

| ess pain c- disconfort than a standard cannula. These m crodevi ces
typical |y have mBar asea aamicpaewcesis i tbedirid phdexiseafal deliMsHPE® m crons in

ength. T gl QARG f0uPlild DG 5t hEUA bheipBKLR: il cro

pores or cut's tum cor neu enetratin

corneum &:mdaldgiamg@mleegletshﬁ rirediielike daeicekifor pen@tlraihmj e sme ts tiaatesiredr neum
many drugs can be effectively adm ni st ered The devjces for penetrating the
stratum Jdepimedficpaeecia doVicae piRIEeard afar m%V‘YcﬁDFrHCé‘P%S §|n£§ thewrareablsr

oo, alcvgr of FRAGRY 8 HEREHIA! GO, Bl QuNTNECARGHE el NG s BARRIER, |

conpl etel'y through erms ese es are

in US. H’ﬁé@@tlehb 5,879,326 to Godshall et al.; US. Patent No. 5,250,023
to Lee et al.; WD 97/48440; and 6,334,856 to Allen et al. Varjous nethods
have been usedP® typoaldevienthatinasorinad edteatian indhe Brsradevicethaiie aie i

drug de! ik YIEBTer TR S nd BERS PR RRY il dMibRdnphheahags and

di mensi o e mcron e or mcro cor

cont i nui mgmne@eﬁhese hhierodedigst typitally haps aeedla&ﬁhhbd& affeu’vommov@ to
m crodevi ces. Summary of the Invention The present invention is directed to
m cr odevis€¥8§Tal dwddsed m'@lﬁ’l“z&r'f‘ yEnginerl mmqraéﬁwgs fateelyeeagrrugniisnrglo e s

al so di r%ﬁfrﬁ%r&Pmﬁ’érB‘if‘o?é@%rEst 5B he %&ﬁuﬂ‘é’@&' %‘?ﬁn é&fﬁ%’r@tﬂ&ghg th@ Pprimary

obj ect o e invention is to provide a process odevi ces,
and part isctnaartlanlqornecmcbdehmrm@ therdryg toithe ahmehford:@ajw tlaead;tra&mnorriemh,
ranner. 2many drugs can be effectively administered. The devices for penetrating the stratum
corneum generally include a plurality of micron size needles or blades having a
length to penetrate the stratum corneum without passing completely through the
epidermis. Examples of these devices are disclosed in U.S. Patent No. 5,879,326 to
Godshall et al.; U.S. Patent No. 5,250,023 to Lee et al.; WO 97/48440; and 6,334,856
to Allen et al.
Various methods have been used to produce the microneedles and
microblades of the prior drug delivery devices. However, these methods have limited )
the shape and dimensions of the microneedle or microblade. Accordingly, there is a

continuing needed in the industry for improved methods of forming microdevices.

Summary of the Invention

The present invention is directed to microdevices, and particularly
microprotrusions. The present invention is also directed to processes for forming
microdevices.

Accordingly, a primary object of the invention is to provide a process for
forming microdevices, and particularly microprotrusion arrays, in an efficient and

economical manner,



2 0 JUL 2005 Another object of the invention is to provide a process for
forming mcroprotrusion arrays for delivering or withdrawing a subst.ance
through the skin of a patient. Still another object of the invention is to
provide a process for formng a mcroprotrusion array by wet etzc&ij!ﬁgzoﬁﬁf a
silicon wafer. A further object of the invention is to provide a process for
formng a mcroprotrusion array by etching a substrate to produce

m cropr ot r usiATthbawbjegt af treuinstativn & loyppydena gredeysefor foratihgr obj ect  of
the invention js to provide an etching process using a wet isotropic

o1 chant HEGPHSCRGHTEN FEKEDUE s BF BRELEaRtch SUAtedF e Rerough; B SRt Otne
i nventi opykptt 0 provide a process for formng a mcroprotrusion array

havi ng an axi al passage through the mcroprotrusions. Still another object
of the inventStoinamstheoopjeat btltheainventidnm regtoprroveesa povcdss: for fgmiag aaxi al

passage in a nmcroprotrusion after form.ng the _mcroprotrusion. A further
obj ect W'Cf%g} HY©R6RY P¥ WSS %?@Ugdgaas'@?%\qégerfor formng a

m cropr ot rusi b ratet i i havi ng an
annul ar body'@ghn egﬁt@%?tztgltﬁgﬁgﬁﬁlo? i Ig.t(s %ﬁ%\?ﬁ(g]rar%ﬁ:gg% @%ﬁfgﬁhg{bﬁ%venti on is

t o provinieraprptrasiessariay b @tchiing aasulestrate & produceahidrep ldsisignsahaong ianuous
sharp ridge on ﬁn annul ar, face. A further object of the inventionis to
provi de SHDgIR5tId¥ Pyfamist $HFRE-an oxide |ayer on a microprotrusion tip and

removing the Qg of the AUBKEL P RALATBGRC AP otehild blodtRatfigg aliget of

. ! bB}ré%E
the invention is to provide a proces ormng a roprotrusion array by
f or m ng isotropigesiiegme do fersk srapnlicef ehapad anistdgsdtrasienand et chi ng t he
Substrate to fgur annul atr n'bctopr trusions. A further brj ect . of the
i nvention is# fg']i%\ﬁ Ctf tRe dRSIEIopr 8 L BEOMIAR arRPRERY IOTHPEPES Bt r usi ons

havi ng igﬁy&bﬁgsfoinparra%pﬁéﬁﬁg a‘?%ﬁéfpé’ésa{g:éethkﬂ)g—mﬂeoﬁiérépr’&r g, de a

process formng a ‘mcroprotrusion array Ing mcroprotrusions with an
out er annul arStlllaaegthehebject betheoinventie@nisuogrotideearh atchin g purasistigr mirming
shar pened pqQints. These and ot her .objects of tﬂgfii nvention . are basically

at t ai ned"py*! ‘r%ﬁ‘ﬁ%ﬁgﬁdnaﬁ MYYRBIGUYTIN ﬁ‘ﬁ@? MRS G BICTQRIRIESIS™npri sing: a _
base having o Wit ogiljéctaoﬂtg@%\}bnti%n ié%pf&g@e anstoRe8OFraBHhRges @ plurality

of m croprotrusions ifented in an array an
microprotrusion by etching a substrate to form microprotrusions having an annular
body and a conical shaped tip.
) Another object of the invention is to provide a process for forming an annular
microtube having a continuous sharp ridge on an annular face.

A further object of the invention is to provide a process of forming an oxide
layer on a microprotrusion tip and removing the oxide layer to form a sharpened tip.

Still another object of the invention is to provide a process for forming a
microprotrusion array by forming a ring-shaped masking layer on a substrate and
etching the substrate to form annular microprotrusions.

A further object of the invention is to provide an etching process for forming
microprotrusions having a beveled tip.

Another object of the invention is to provide a process for forming a
microprotrusion array having microprotrusions with an outer annular face, where the
outer annular face has a plurality of sharpened points.

These and other objects of the invention are basically attained by providing a
monolithic microprotrusion de\}ice comprising: a base having a width and a length, a
top face and a bottom face; a plurality of microprotrusions oriented in an array and

extending from the top face of the base and being integrally form‘ed with the base,



extending fromthe top face of the base and being integrally formed with the
base, 3 2 a JUL 2005 each of the mcro protrusions having at |east one face
extending to an outer end thereof. The objects of the invention are further
attained by providing a nethod of formng a mcroprotrusion array
conprising the steps of: providing a substrate having a top su B%ﬁfz®
bottom surface, formng a patterned masking layer in a pIuraIit@ eas
on the top surface, the areas of the patterned nmasking |ayer having a

predeter m ped O FRIFQo I FEIRORNNG ot Ry Pheigns Bidishnn oaf oIeti g an

exposed aréa o sur ace o g' Sibstrate aro e areas
maski ng | teeeof. et ching the exposed area of the top surface of the substrate

to a sufficient_ depth to forma Fl urality of m'_crogrotrusmns and renovi ng
the masking | ay&heobigats ohihe iyenHam are BIrtigs G2 ing PiiPEP YRS @ RSIBAY O The

bj f dr-b of
Formng a IrarshAdT eI B esPra b asplireg fhetrels Wil Mt R hiign
substrate ahaysngage bOg SbotaResurch, mrnﬁsger@tteameﬁ maskimy laygr & pQidradity of

t he maski ng | ayer to forma plurali ty of substanti al I% ring shaped portions
of the maski Agasaethedrptveiacspthesaicpad the PeHEMES MESKBYY Iayef a%rénare t he

silicon Suﬁr%tore?ﬁr?mh dfd%ghérogrl?ﬁr%f%goﬁéﬁw qg'@ﬂlrcrro@r& oﬁa?ﬁ"ﬁé?fmrgfa ach of

the ring shaped portions rma annul ar co around of the

ring shapegxpsydd o, ofand toeBoMbog of e suthdratbapedngthid arees ofthetrhaskimgki ng
| ayer to forma m crggrotrusr on arra%]g The objects of the invention are

further atleiPh&dcpopreexarsed arerehivg tep sumcaqfdha SHrbérrarﬁ@t@ ﬁsff@r?”array
conpri si “ggé;!;‘t‘ﬁ BFSM a°5|ur£%>?8r9181@9?otﬁ}é‘?a¥sf %%gsﬂéﬁé\{rﬁ%t o hRgRIc acg&? %ﬁﬂ

bottom surface; for recess
recesses d&rfelsubwaltéltrb exposethd miespmitiuioraspect to a plane of the top

surface, the clined surfaces formng an array of, ar pene

renoving a portl B obfeqtp ef the iyeptier aky silntrthes &l ‘?iﬁlé@r@‘f'g@ %”%IP?H?QE
array of \, I iR

i pe The oh B g O OB e SR e B R PP e P R PRI S
met hod of hd&wngiangpaunriaceopiiobnmssiong Hayeayrem@npgraspmrgonh:étlseepmkm‘ig Iayerto

B ray of HRERGPbIALGicacba A fB5 Shenps acilions phiesbpskiaravehan e top’ °"
M Cr Opr Ot r4H¥AHeS idhhGthétdPPusdd 8fHe GRS QivBtARe b form a channel extending
through a center of each of the ring shaped portions, and to form an annular column
around each of the ring shaped portions, and removing the ring shaped portions of
the masking layer to form a microprotrusion array.
The objects of the invention are further attained by providing a method of
forming a microprotrusion array comprising the steps of: providing a substrate having
a top surface and a bottom surface; forming a plurality of recesses in the top surface,
the recesses defining inclined surfaces with respect to a plane of the top surface, the
inclined surfaces forming an array of sharpened tips, and removing a portion of the
substrate around the sharpened tips to form an array of microprotrusions having an
outer end formed by the sharpened tips.
The objects of the invention are still further attained by providing a method of
forming a microprotrusion array, comprising the steps of providing a substrate having
a top surface and a bottom surface, forming an array of microprotrusions on the top
surface of the substrate, the microprotrusions having a top surface, and forming at
least one bevel on the top surface of each of the microprotrusions.
The objects, advantages and other salient features of the invention will

become apparent to one skilled in the art in view of the following detailed description



| east one bevel on the top surface of each of the mcroprotrusions. The

obj ects, advantages and ot her salient features of the invention wll becone
apparent to one skilled in the art in view of the foll ow ng det&glJ8d2005
description 4 28JUL2005 of the invention in conjunction with_ the annexed
drawi ngs, which forma part of this original disclosure. Brief Description
of the Drawi ngs The following is a brief description of the draw ngs that
form a paf thefventien incpgjunstion el thewarmexed dipergs. wlyalh éorm pPadt &f s vi ew
of the mcroprotryusion array in a first enbodi nent of the invention; Figure
21is a pé’f’gﬂgaétd' :]-.:O?Hrgw of the mcroprotrusion array of the enbodi ment of
Figure 1; Figure 3 is a top view of the mcroprotrusion array of Figure 2;

Fi gures 4A-4H show the sequential steps in formng a mcroprotrusion array
in a se&uirf Resariptiemnof dhe Dawing®nt i on; Fi gures 5A-51 show the sequenti al

ot 0 OLT R SR AU BATR N ol DU hEr RO 15k S

M cr opr obkidfipRistidstel ih whicheur t h embodi ment of the invention; Figures
7A-7J show the sequential steps in formng a mcroprotrusion array in a
fifth embodi méngurst 1 ishe side eiet drihernigiorrotrgaiopLarsayin @ hiestsrgbeditient ofthes
in formng a mcroprotrusion array in a sixth enbodi nent of the invention;
Fi gures 'B'Ehow t he sequential steps in formng a mcroprotrusion array
in a seventh mghed? iEatheppddive Ve BT HieNmicddréir@sioe sty &f the RefiSEERTdNY e
view of the mcroprotrusion in an eighth enbodiment of the invention

showi ng ®@filFigwee;sharp tips on the annular face. Detailed Description of

the Invention & pr €S i i i i I d I GX Qpr.of.rusi on devi ces
and to net hodanQ&rep{ﬁ (gsr %@%@\/ﬁ}@@ﬁh%ﬁgkcﬁ%ﬁoa@%o %ﬁgyﬁgé{ﬁiﬁ% particul arly,
the invention Higudisr £E14edshow thetBgdentidl sesmlimcionsingaehickdpretrusion array in

m croprotrusion arrays and m crodevices fromthe
a second embodiment of the invention;

Figures 5A-5] show the sequential steps in forming a microprotrusion array in
a third embodiment of the invention;

Figures 6A-6M show the sequential steps in forming a microprotrusion array in
a fourth embodiment of the invention;

Figures 7A-7J show the sequential steps in forming a microprotrusion array in
a fifth embodiment of the invention;

Figures 8A-8L show the sequential steps in forming a microprotrusion array in
a sixth embodiment of the invention;

Figures 9A-90 show the sequential steps in forming a microprotrusion array in
a seventh embodiment of the invention; and

Figure 10 is a perspective view of the microprotrusion in an eighth

embodiment of the invention showing multiple sharp tips on the annular face.

Detailed Description of the Invention

The present invention is directed to microprotrusion devices and to methods of
forming the microprotrusion devices. More particularly, the invention is directed to
methods of producing monolithic microprotrusion arrays and microdevices from the
microprotrusion arrays.

The microdevices of the invention in preferred embodiments are
microprotrusion arrays for penetrating the skin of a patient to a selected depth for

delivering or withdrawing a substance through the skin of a patient. The term
5



m croprotrusion arrays. The m crodevices of the invention in preferred
enbodi nents are mcroprotrusion arrays for penetrating the skin of a
patient to a selected depth for delivering or withdrawi ng a substance
through the skin of a patient. The term5 28JUL2005 "mi cropr dfrdii2th" as
used herein refers to a structure that can penetrate one or nore |ayers of
the skin of a patient to a desired depth. The mcroprotrusions in preferred

yram 0 SHABEETORNEPE BF GEPALSRG el othe o R LeR ReRBIaE Pierudiere

proj ecti ng,UBrRhtRe RAVHNG pRLIEALRY £ dBEiIr&d HEPIAT TIRE AHEOTRSH L SBNY Predérred
wi t hout poi hts or shar peneg tips or cufting or scraping edges as in some

enbodi nentemtodicnsrge df e @iventibhdavei aslowpeneddiparnd adr bearica @s PYeamid ar
shaped col yms havi ng an axi al passage..Figures 1-3 show one enbodi nent of
the micr _oo%ﬁp@é’-_l IG5 pﬁoﬁ@sﬂ%ﬁeﬁ?ﬁaﬁ?grwsc?%d%%r@é”’_1'6C|i“ﬁ8IHﬁaﬁg’ag Bré%rgg.eﬁ? and
a pluralit aﬁfﬁgt@ . ru%l?é%trrc:%bl%'ﬂl%lrés‘ls-sédiiotnhhiﬂw of WRABLIBSts BT ShAREALA Wpisalts 14

are spaced apa substantially uniformy spaced apart rows and col ums.

M cr opr ot raigtiomsr $drapave edgesibstiaisoina ¢ybpginaentd dsrseedwierainealdie si de 16

havi ng a concave surface. Sides 16 conver toa tip 18. Tip 18 . of ch
i ot onr ot ORI O ORI 58 ShSp RIS A7) U an aves GeluBns daviibatins pasarste
to base 12. Aspghan1idshdi onRer¥b8Min®dntlof ave ticodeOr el AIEEf 212 iRdéntfon.
substantially square shape. Mcrodevice 10 includes a plurality of

proj ect i ngvimeadevise 4Adncledps ienbadd §2 andedpliicalitpehstierapreisusites dki hn dhisa
patient to a, sel ected.depth for deliverin subst apce t.0,or w thdraw a
Ctlbst ance FTBR kL NP ARt 47 Ate serEshPRei sooseey gHghribiig speked
coupl ed t Oy@art RRRS ¥RH lcof hinsle Miv@prdiguoss ha tanees amsktaatidliycplraniyf shape
phar maceutical conposition to a patient. Alternatively, mcrodevice_10

i ncl udes awitlsgpehblde Exheasing :godeavea sy rfadss opisiest 1 tevn \wsgeto it .all ip dp

can be. sampie Mol dion 44 nds o SRPRIY P o AR R D BaREER ¢
mi cr opr ot rieons Ad slovirhi theuepiaw ohairira 3, esgtdrearnl hak dt utstartrhly e duare

penetrating into the skin of a patient to a desired depth for delivering a
subst ance S re the substance can be absorbed and utilized by the body. The

Length of  Lhe  Icho@Re HShened s pBrHRVEY Aldcifie! FEMRY <Ry it Bhnfify ance
used for penetrating the skin of a patient to a selected depth for delivering a
substance to or withdrawing a substance from a patient. In preferred embodiments,
microdevice 10 is coupled to a reservoir for delivering a substance and particularly a
pharmaceutical composition to a patient. Alternatively, microdevice 10 includes a
suitable extracting device, absorbent device or material for withdrawing and storing a
fluid from a patient. Examples of substances that can be sampled from a patient
include drugs, analytes and glucose.

+ The microprotrusions 14 of the invention have a length and width suitable for
penetrating into the skin of a patient to a desired depth for delivering a substance
where the substance can be absorbed and utilized by the body. The length of the
microprotrusions 14 is generally determined by the substance being delivered and
the delivery area on the skin. In embodiments of the invention, microprotrusions 14
can have a length of about 10 microns to about 2 mm. In one embodiment,
microdevice 10 is a delivery device for penetrating the stratum corneum of the skin
without piercing the stratum corneum to minimize pain and irritation to the patient. In
this embodiment, microprotrusions can have a length of about 10 microns to about
100 microns, and generally about 10 microns to about 50 microns. Delivery_énd

sampling devices intended to penetrate selected layers of the skin can have a length
6



t he delivery area on the skin. In enbodi nents of the invention,

m croprotrusions 14 can have a length of about 10 microns to about 2 nm In
one enbodi nent, mcrodevice 10 is a delivery device for penetrating the
stratum corneum of the skin w thout piercing the stratum cor eyt ms
mnimze pain and irritation to the patient. In this enbodinent,

m cr opr ot r.usi o an. have, a n f. t 1,C out

i or ons, GrbegbigP I P ebSRC o idRRY: dBsu SRR BES tarp e 40
sanpl i ng igd@6oresrated andedntierorereddrabe cstihgaredotiayersodds ier pkougicare have
a length 6 2 8 JUL 2005 of about 100 microns to about 1000 m crons. |In other

enbodi merfli@tuRi caBaEn wedaliverios Wikehewer seleyanee rguandpedbinader for cutting
o Scortma ar v U A B ORI b B 11

a substance throug vari ous

mat er i al shdppendisedand thdeubsiainesdrthy aelivirddidie aptiiiet ametabii egardpldsver ed
or sanpled. Suitable exanples include netals, such as gold, polyneric

mat er i al dnclgde inel@lpsivgbaanigh eslymeart mefrials nsehas apycarhpnsites, eanceether

enmbodi nents, m,cro ice 10, i de of si.licon.. Sidic i , efer red.

mat er: al r;sqsrhrcngtzglﬁ ﬁﬁ\(ﬁﬁe%é?eéjr éﬁ‘ggg‘m%’&tar ﬁ\'}c@gjg?’ﬁcsﬁde'sa'ﬁ%d%?é s@nghhﬁlﬁéno%dns and
shaped usi pefyREd OHStSKRO WM CBr MERISWaierdbes askeulycs ali@biesamd ebemabihychmed from
a silicon wafer %%W processing (mcroel ectronechani cal systens).

Silicon iancaghap greatouSHVE prpaeisee® forms, nanely, crystalline,

Phat i & par 1l TERR0R eretpbb St &-MeSRRL! GeRpihy RV prdffsSind”

Ul t r apur gmiglosfddtamhecigamosl Sjstémen saken 3s bhalledkat thatiekihs & fioce fdvens,
el ectroni c indust r%/ lare suitable for use in the invention. Polycrystalline
g

si I'i con, nappelyachypialénemactystedingang smarebays apticapds gRodssticand édbusdr e
general | ymgt%ﬁ@ﬁrf)aggs_ ﬁgrtilcg}tléa}ll;‘f éhi'fra‘;olcg?orath%‘m&‘gé@ér\g?ééﬁs Bgth% ihYehi. bp@msss of

| ess t han ine srlicon su e conmercia

avai | abl eclestrorit geadi@silivahevsferd ieg ers iavatatie viaf ®icselateomgienedwdthyamvai | abl e
in 100 nm di anmeters _and about 150 mm di aneters. The 100 mm di aneter silicon
waf er s aritgbluior 198 indhe iyRNtOR ck. The mechani cal properties of the

Cryerr o en TOTeERIE S bRB<RYtekAeq ELiCOLSIRT i i, The

waf er as diliconuseegerieaty napoeited as ghiadiims ared aubstrid witlom tgpicahthickness of
less than 5 microns. Crystalline silicon substrates are commercially available as
circular wafers. These silicon wafers are generally available in 100 mm diameters
and about 150 mm diameters. The 100 mm diameter silicon wafers are about 525
microns thick.

The mechanical properties of the silicon wafers is dependent on the crystal

orientation of the silicon. The crystal orientation determines the plane-selective
etching of the silicon wafer as discussed hereinafter in greater detail. Silicon has a
diamond lattice crystal structure that can be regarded as a simple cubic shape. The
specific directions and planes within the crystal are designated in reference to the
principal axes using a three integer notation enclosed in brackets, carets,
parentheses and braces as known in the art. For example, [100] represents a
specific vector direction of the cube, and <100> denotes the six directions. Similarly,
(111) is a plane perpendicular to the [111] vector. The {111} vector represents all
eight equivalent crystallographic planes. The angle between the {100} and {111} is
important in micromachining processes since many etching processes selectively
etch {100} planes, but not {111} planes as known in the art. Certain etching

processes are able to etch different planes at different rates while others etch at
7



di anond | attice crystal structure that can be regarded as a sinple cubic
shape. The specific directions and planes within the crystal are designated
in reference to the principal axes using a three integer notation encl osed
in brackets, carets, parentheses and braces as known in the art. For
exanpl e, [100] represents a specific vector direction of the cube, and
<100> denotes the six directions. Simlarly, (111) is a plaz Qﬁﬁndicular
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orientation indicating that the top surface is a {100} plane. Mcro eV| ce
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i gur s 1FEUTER dradaueacuins 10 el pY fomitRg ethhea Tat: Radke 18P THiatop
surface gf a&jiRddnl waferWaitRr madk®s RSEd & heamRy cﬁ%p%@eélafp%)ﬁ @5ts$ paced- apart
dots corresponding to the spacing and desired pattern of th
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mask is a photoresist material that is applied to the surface of the

silicon wafask matér@k@@s@mm@tme finghdimsmgrars efdhpanicespiotrnsiophot o pesfesed .
layer. After or esi i r med esired ern, .the osed
i oo 1 BToAARERy 6% Bt 2 matorieno e B resho okt ' S e
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of the mcroprotrusions. This shape is thl cally obtained by a wet

pot assi um hydr Medéﬂ%pbmomgsnsblslformad Iﬂtﬁé fidestiee wiattesn, dhetaz@osﬂdéﬂlppans are
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Alternatively, the mask can be fornmed fromsilicon nitride or silicon oxide
is typically obtained by a wet potassium hydroxide etching solution.

The microdevices of the invention are produced by various masking and
etching processes to obtain different shaped microdevices. The mask in one
embodiment is formed by photolithography to obtain the desired pattern of a
photoresist. Alternatively, the mask can be formed from silicon nitride or silicon oxide
layers. The etching step can be by wet etching, plasma etching, reactive ion etching
(RIE) and deep reactive ion etching (DRIE).

. Lithography is a process that is commonly used in MEMS fabrication
processes that applies a photoresist layer on the substrate. The photoresist layer is
a photosensitive emulsion layer that when exposed to light forms soluble and
insoluble patterns. The photoresist layer is exposed to print an image of the mask
onto the layer. The mask is a patterned opaque chromium layer on a transparent
support such as glass. The mask defines the pattern of the finished photoresist
fayer.

After the photoresist layer is exposed to the selected pattern, the layer is
immersed in an aqueous developer solution to dissolve the exposed portions and
produce a latent image. A positive photoresist is an organic resin material containing

a sensitizer. The photoresist is often spin coated on the silicon wafer to a thickness
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| ayers. The etching step can be by wet etching, plasma etching, reactive ion
etching (RIE) and deep reactive ion etching (DRIE). Lithography is a
process that is conmonly used in MEMS fabrication processes thag MQ[}USes a
phot oresi st | ayer on the substrate. The photoresist layer is a
photosensitive enul sion |ayer that when exposed to light forms sol ubI e and

i nsol ubl e patterns. The photoresist |ayer is exposed to print an inmage of
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ani sotropic etchants etch prinmarily in one direction. Typically,

ani sot r oiteh prigtzaifit in ere Hiratiery Aypissly, farnsotcowstemhmta@écmamgsa Bp@@ﬁc
waf er. Saone |sotr pi c..et chant rimarily etc one | ane,
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the sili %?rhavﬁ% rWeN\ﬁEﬂﬁé&QB%EeS. The crystal plans, and thus, the plane of etching,

are not necessarily perpendicular to the surface of the silicon wafer. Wet etchants
can be isotropic or anisotropic and are generally preferred in the invention due to the
cost and ease of handling.

Isotropic wet etchants used in the invention include hydrofluoric acid (HF) and
a mixture of hydrofluoric acid, nitric acid (HNO3) and acetic acid (CH;COOH) often
referred to as HNA. Nitric acid oxidizes silicon to silicon dioxide. The silicon dioxide
is removed by the hydrofluoric acid. The etch rate of silicon can vary from 1
micron/minute to 5 microns/minute by adjusting the proportion of the acids in the
mixture.

Wet anisotropic etchants include metal hydroxides, such as sodium hydroxide,
potassium hydroxide, cesium hydroxide, and the like. Other suitable hydroxides
include ammonium hydroxide and tetramethylammonium ((CH3):NOH). Another
suitable anisotropic etch is an aqueous mixture of ethylene diamine and pyrocatechol
(EDP).

Potassium hydroxide is the most commonly used anisotropic etchant.
Potassium hydroxides etch silicon along the {111} planes at évrate 100 times slower

than it etches {100} planes. This enables potassium hydroxide to effectively etch
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can be isotropic or anisotropic and are generally preferred in the invention
due to the cost and ease of handling. Isotropic wet etchants used in the
i nvention include hydrofluoric acid (HF) and a m xture of hydrofluoric
acid, nitric acid (HNG3) and acetic acid (CH3COOH) often referred to as
HNA. Nitric acid oxidizes silicon to silicon dioxide. The si |§_§%LQ@05W de
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pl anes. The desi 8n of the maski ng@gattern det er m nes the overal |l - shape of
t he resul to flegms{-shepad €avitigs. dext eled fEmipeadts etiberontryhe @f des/maskijand

det er m ned | 1 ystal Qi At i idi re.¢FOT
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the vertical direction (<100> directi on%h%o produce a cavity with a flat
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However, ldoweesr, connex soatersidreecinatdatel\abttackeeibyoyhd bchent bamot siyretighainy
slight erosion of the convex corner exposes planes other than {111}. In this manner, a
convex corner in the mask layout will be undercut during the etch so that the etch
front will proceed underneath the mask.

A common dry etching process is a plasma-phase etch. Plasma etching
basically involves forming chemically reactive neutrais and ions under the effect of an
electric or magnetic field and accelerating the particles toward the target. Reactive
species include SFg, CF4, Cl,, CCIF; and NF3. One type of plasma etching is
generally referred to as reactive ion etching (RIE). Inductively coupled plasma
reactive ion etching (ICP-RIE) uses an externally applied RF magnetic field. Deep
reactive ion etching (DRIE) is a high speed etching capable of anisotropically etching
silicon.

The masking materials of the invention are selected according to the etching
process being used to form the finished product. For example, silicon nitride is an
excellent masking material against etching in potassium hydroxide. Silicon dioxide
can be used as a masking layer for short etches in potassium hydroxide. Photoresist
materials are readily etched in alkaline solutions and are not suitable for masking
silicon etches. Silicon dioxide and silicon nitride are essentially unetched by
tetramethyl ammonium hydroxide and:ethylenediamine pyrocatecol, and thus, are

good mésking materials for these etchants.
10



erosion of the convex corner exposes planes other than {111}. In this
manner, a convex corner in the mask |layout will be undercut during the etch
so that the etch front will proceed underneath the mask. A commpn dry
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etched  the drawings show a single microprotrusion, the actual device will contain a plurality
of microprotrusions arranged in an array. The various masking materials and
etchants as used in the process are selected to obtain the desired etching along the
appropriate planes of the silicon substrate. The silicon substrate is typically a silicon
wafer that is selected having the crystal planes oriented to obtain the desired shape
of the microprotrusions. The various etching steps are also selected to etch the
-substrate to a desired depth to attain the desired result. Typically, the finished
microprotrusions have a length of about 50 to 1000 microns and a width of about 50

to about 200 microns.

Embodiment of Fiqures 4A-4H

In this embodiment, a silicon wafer 24 is etched by various steps shown in
Figure 4A-4G to produce a microprotrusion array 22 shown in Figure 4H. Referring
to Figure 4A, a silicon wafer 24 having a top surface 26 and a bottom surface 28 is
used to form the array. A silicon oxide layer 30 is formed on the top surface 26 and a
silicon oxide layer 32 is formed on bottom surface 28 of silicon wafer 24. Silicon
oxide layers 32 and 30 can be formed by various processes such as low préséure

chemical vapor deposition. A photoresist layer is formed on silicon oxide layer 32
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using SF6. In the foll ow ng enbodi nents, the processes of the invention are
di scussed in reference to the drawi ngs. The draw ngs schematically
illustrate the form ng steps and show the resulting structures in
cross-section. It will be appreciated that where the draw ”gSTZSBhM mBSl ngl e
m croprotrusion, the actual device will contain a plurality

m croprotrusions arranged in an array. The various nmasking materials and
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surface 28 is wused to formthe array. A silicon oxide |ayer 30 is forned on
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phot or esi gfepbaitioh. i s formed on silicon oxide |ayer 32 11 2 6 JUL 2005 and
i s devel oped to forma plurality of spaced apart circular open areas 34 in
silicon oxideA abetorgsist yer spermad @assiBeptBitids Ryl S0RNheews aRed to Y Mbf

an inter n%ogr}é;gf)eosﬁsg%ggk oﬁas(ﬁl;&owdi{r% rlg%ru% %:[}889?6 %hgn%%‘g%gl 2R binfensions
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the finiskethpppoustsisihgeppenecasel @Athef dedilddcsimmxanie slzayefthdZindteadses a
portion of silicon  substrate 24 as shown in Figure 4B. A silicon nitride
| ayer 36 I¥CrpraEdsion- tHe p¥irsed Retipes R slirae mtay'*@ﬁamr Hhand sdicpp e
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formed by evpos@dlsuﬁeoeaszw$|llami substientd QW&IB‘QMH & Elgeime @1@. vapor
deposition. A wet isotropic etching agent is applied to surface 42 of silicon substrate 24 to
etch silicon substrate 24 and oxide layer 30 to produce the microprotrusion 44 having
the structure shown in Figure 4E. The nitride layers 40 and 38 are removed by a wet
nitride etch as shown in Figure 4F. At this stage, silicon oxide layer 32 defines
exposed area 34 on the underside of silicon substrate 24.

A plasma etch is applied to the underside of silicon substrate 24 and exposed
area 34 to form an axial passage 46 through microprotrusion 44 as shown in Figure
4G. The plasma etch is applied in a manner to form a substantially smooth walled
channel extending perpendicular to the plane of silicon substrate 24. As shown in
Figure 4G, passage 46 is etched from the bottom surface of silicon substrate 24 and
extends to silicon oxide layer 30; Silicon oxide layer 30 and 32 are removed by a
silicon oxide etch to obtain the microprotrusion arréy 22 as shown in Figure 4H.
Preferably, the silicon oxide layers are removed by a wet etching process.

This embodiment is able to produce a plurality of microprotrusions 44
simultaneously in a silicon substrate by forming the masking layers in selected
locations on silicon substrate 24. The shape and length of microprotrusion 44 is
determined by the etching process, the shape and dimensions of the masking layers

and the time period that the etchant is applied. In the illustrated embodiment, the
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A photoresist layer is formed on silicon nitride |layer 36 and devel oped to
form a photoresist nask on silicon nitride |ayer 36 opposite open area 34.
The di nensions of the photoresist |ayer correspond to the desired shape and
size of the finished mcroprotrusion. The exposed portions of silicon
nitride layer 36 and silicon oxide |ayer 30 are etched by & pIHsH® etch to
produce the nitride mask 40 surroundi ng the exposed surface 42 of silicon
substrat %n%énaﬁtrﬁjféqw_askmg%%wm ABS aAutantRAY oapuiareheenghieg @rddicesppl | ed
to surface 42 of silicon substrate 24 to etch silicon substrate 24 and
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exposed @krgBe M rohesigpder si de of silicon substrate 24. A plasma etch is
applied to the underside of silicon substrate 24 and exposed area.34 to
forman axial passage 46 through m croprotrusion 44 as shown in Figure 4G
The plasma etoh is, applied | g, manner to forma substantially snmooth wall ed
channel BHtH-Hg—pet-perdredrar—t o the plane of silicon substrate 24. As
shown in Fi gupehid@mbasinrae, 4enitopebtehadn arem 4 ehbehtinmiguefaceiamed | i con
substrate 24 and extends to silicon oxide |ayer 30. Silicon_oxide |ayer 30
and 32 aff®nm erfiiiean sybsirate sl apsh@xn deligusas bO-oidt drefetg 6 tiggps 66« usi on
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form ng the masking layers in selected locations on silicon substrate 24.
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shape whi ch produces a conical shaped mcroprotrusion 44. In alternative
enbodi meshgpetddheimicopiotiusipndip. ReferinmichisuFRvE ansAiisisorin s edeh that
t he etchi : 1 e M - L i f
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Referring to Figure 5A, ) . . .
etchant is potassium hydroxide which etches along the inclined planes as shown in

Figure 5C.
| The silicon nitride mask 58 is removed by a nitride etch resulting in the conical
shaped projection 62 extending from silicon substrate 50 as shown in Figure 5D. A
silicon oxide layer 64 is applied to the upper surface of silicon substrate 50
completely covering conical projection 62 and the etched surface 66. A photoresist
layer is applied to oxide layer 64. The photorésist layer is exposed and developed to
form a photoresist mask overlying incline surface 60 and exposing the portions of
oxide layer 64 overlying etched surface 66 and the tip 68 of conical projection 62.
The oxide layer 64 is then selectively etched to remove the exposed portions of the
oxide layer. The photoresist mask is removed which results in the oxide mask 70 on
the inclined surface 60 of projection member 62. As shown in Figure 5F,
frustoconical shaped oxide mask 70 remains on incline surface 60 of projection
member 62.

Oxide layer 70 exposes top surface 66 of silicon substrate 50 and tip 68. A
photoresist layer is then applied over oxide layer 70, tip 68 and etched surface 66.

The photoresist layer is then exposed and developed to form photoresist mask 72 as
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silicon substrate 50 has a top surface 52 and a bottom surface 54. A silicon
nitride layer 56 is deposited on top surface 52 of silicon substrate 50. A
photoresist layer is applied onto silicon nitride |ayer 56 and exposed and
devel oped to forma silicon nitride mask 58 on top surface 5% 3% §®hicon
substrate 50 as shown in Figure 5B. Silicon nitride mask 58 8 5 ape and
di mensi on corresponding to the desired shape of the m croprotrusion tip.
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exposed portions of the oxide layer. The photoresist mask is renoved which
results in thefopliedmaneick igthemapplits fonalfansedts te ttabealeoger plensj ect i on

menber 62. As sho i n_Fiqure 5F frustoconi cal ., shaped oxide ma 7

Fermei s oRelmRTI s i paldMstrire sropdEiTEns siRisaNRS Sriididala i argnd
exposes t @pnRHl §@¢E£cHB0 @ls HOWERIFigURS ST ahe shBwane Fti'g@reﬁ&-, the réXighiey esi st
| ayer is then applied over oxide layer 70, tip 68 and etched surface 66. ‘

'7I'2e ph% 0 ﬂé@ﬁOfFOﬂFW@ﬂ 4|§se>ﬂa@®\s egmﬁs@&@aﬁfr@m@h@@@e o8 anst 'mcbhi7ﬁ30a esi st mask
substanti SPsPeloly SRR AT & Sl g DEYBRTS Bhalt e apd g

exposes t kpafBtip A8. Astidll paragade diehds Gorhag 7ot s whstacat®:. 50 fromthe
top surface to forma continuous channel extending through conical

projection 62 to bottomsurface 54 of substrate 50. Photoresist nmask 72 is
removed t nSBE8S S SEf BG r@ _Bﬁ,pown in Figure 5H Preferably, axial
passage 7§—rs—gomﬂ—{jy—(§-’—pgﬁ'a—etch to form axi al
In this embodiment, a microprotrusion array is formed from a silicon substrate
80 having a top surface 82 and a bottom surface 84. An oxide layer 86 is formed on
top surface 82 of silicon substrate 80. A photoresist layer is formed on oxide layer
86. The photoresist layer is patterned and developed to form a substantially circular
shaped photoresist mask 88 for each microprotrusion as shown in Figure 6B.
Photoresist mask 88 defines a central exposed area 90 and a surrounding exposed
area 92 of oxide layer 86. Exposed areas 90 and 92 of oxide layer 86 are removed
by etching, such as by a plasma etch. The oxide etching results in an annular
shaped oxide mask 94 on top surface 82 of silicon substrate 80.
Photoresist mask 88 is removed to expose oxide mask 94 as shown in Figure
6C. Oxide mask 94 defines an inner surface 96 and a surrounding surface 97 of
upper surface 82 of silicon substrate 80. An isotropic etch is applied to surfaces 96
and 98 to form curved faces 98 extending from an etched surface 100 up to oxide
mask 94. As shown in Figure 6D, the isotropic etch etches a portion of silicon
substrate 80 underneath oxide mask 94 to define a raised portion 102 below oxide
mask 94. Preferably, the isotropic etch is a wet etch as known in the art.
Oxide mask 94 is removed by an oxide etch. Preferably, the oxidé etch is a

wet etch using, for example, hydrofluoric acid. The oxide etch removes oxide mask
14



passage 74 al ong planes substantially perpendicular to bottom surface 54 of
silicon substrate 50. A plasma etch is then applied to surface 66 to etch
al ong a plane perpendicular to bottomsurface 54 and forma substantially
annul ar face 76 aro end conical surface 60 as shown in Figure B&JUASIShown
in Figure 51, the resulting mcroprotrusion 48 extends perpendicular from

subst r at e95@ arposdit Fisles particsigbsiaatiigdd by eyinetifaceads ahder walfhcgd 604, As
termnating in_a_conical upper face 60 and a, sharp tip 78. Axi al passage 74
ext ends f$iawR inpFimeire §540p res i af aisad Porigib iV AeRe sulrstgatidly TEAsSENars
thi s enbogdi ! T I yd f il strate
80 navi nc 2 e ey KEbARRL LR B2 Refe EROR ! 1T b S ST R ¢

fornmed onmanf@ar shdipaegtedding upwbirdiphrostibiicoatseb8fateA8@hot or esi st | ayer is
formed on oxide |layer 86. The photoresist |ayer is patterned and devel oped

to forma subsfamXidg |ayesilPBus dren dashon i BrekacstOfpiigensmodind0.e Kedie
( a su g _ t . t Cral
exposed drda 86 2R T RRrel iRty Bubhs oSS e sghndlf I AR, LB S o

Exposed ag®dsdffednth®dpofacedfdslidonyerd 880 & leeatentn et oygest edntaigingsuch as
by a plasma etch. The oxide etching results in an annular shaped oxide mask
94 on t opAisnesrdese s referablyi ewdedanat TG s faomepid BoNean st IheRIeUsse AP PRV ed

o exposeoieifuaPalniSdh BPoRRAMBoLY sl diton Bae M) der BRI heagines an

i nner surtace and a surrounding’surface er surface

silicon sthixskneatguBh.thanthessppaeph @ cetveld dusfaziepldredf talsexlipbaoest @bareand 98 to
formcurved faces 98 extending froman etched surface 100 up to oxide nmask
94. As sheRWPUReFRgdmacks, tafremia shaipsned dincHO® e 6OV IPJFEHESTof silicon
substrate 80 u [ [ : Al It 102 bel ow
oxi de nask 94'&4%{02(?%%&3?%&&?%%% ?E%(?égéé)gh%iogrﬁ‘épgo%@ém éltq ?ﬁ as known in the
art. OXi dehotesdsisidayer isemposdd @andadeveioped & hm #pabeirabisy mddiel idxhalengt ch

o G o S5 oo SRS o Ed S B e SoB bbb e
curved f ﬁ%?e?%@%?'e %eie%ﬂvél@%oﬂ@é‘anﬁ%ho?@%‘é@t 'rﬁ%%éﬂ 9 ?erﬁgve&ol?gfsar%%uﬂgﬂw of
Iy a ur

rai sed portion 102 has a substantia t's ace corresponding to
ori gi nal ampxslermask 182.ovkRalyseds pampened tip821 U8ass ahswbsn &igurak|of and®id.aAs

shape ethﬁ]noder? ﬁ'n E%‘G’% %lf-}/ ofxric?emm%islki 1(:‘i%r1deS mbesstarﬁfjl aneneBr%Urface 114 and an outer
surface 116 of silicon substrate 80.

A masking material 118 is applied to surface 116 of silicon substrate 80
leaving center portion 114 exposed. An anisotropic etch, such as a plasma etch, is
applied to center portion 114 to etch a substantially cylindrical shaped recess 120 in
silicon substrate 80 surrounded by oxide mask 112 as shown in Figure 61. Masking
material 118 is then removed to expose a top surface 122 of silicon substrate
surrounding oxide mask 112 as shown in Figure 6J.

~An anisotropic etch, such as a plasma etch, is then applied to the top suvrface
to top surface 122 and to etch recess 120 completely through silicon substrate 80
and form an axial channel 124. The anisotropic etch also etches top surface 122 to
form an annular shaped microprotrusion 126 having a substantially cylindrical wall
128 extending perpendicular from an etched top surface 130. Oxide mask 112 is
then removed by selective etching to expose the sharpened tip 108. As shown in
Figures 6L and 6M, the resulting microprotrusion 126 extends upwardly from
substrate 80. Sharpened tip 108 in this embodiment extends completely around a

top face of microprotrusion 126 to form a continuous ridge.
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An oxide layer 106 is then forned on the top face of silicon body 80. Oxide
| ayer 106 can be fornmed using various processes as known in the art. In one
enbodi ment, the top face of silicon body 80 is heated in an oxygen
containing atnosphere. Preferably, oxide |layer 106 is forned i lﬂggﬁer to
consune a portion of the outer surface of silicon body 80. Slllcon 0

| ayer 106 is formed to a thickness such that the opposing curved surfaces
97 of rai EBﬂJthMéIWDﬂBEJLﬁ'BS 7A8dsuned and nerge to forma sharpened tip 108

as shown in Fi ure 6F. photoresi st |a i's agep%)l ed onto th? formed oxide
| ayer 106. TheMm mﬁm@@hr@f&nt a?y@ﬂcrpgrc&s&%marraﬁ S 4 Bliee ﬁvlastrate

phot or esi OVAr 1@@1@&
tips 108. ﬂ%ggz'l)@ (])'aslgo gl}{g%ge (1)?80)“ b@t%r%er Gngare serilggj{égsg% etche and
phot or esi si tmmsnkrféd@ 1B€rrm/redx1d76ha§3err‘eéﬁjlstfsrmad bgre v teempaisiture2rovegr | yi ng

sharpened tips 108 as sho in Figures 6G an sho in Figure 6H,
oxi de. nasRIOEESS HeLPNRSNEING kiyEF 140 dsaanony i ﬁar%ﬁAoﬁQFO Wespbiasdiie of

silicon s fe'aacsr?oggel éTP‘?J@ Wndmfs%bﬁ'exﬁaégedi %nam@\ﬁe%cgoocosaé%aace 116 of
silicon substrate aving center portion 114 expose An ani sotropic
et ch, sucpheteresigl mssk. & tis ensodipphi,dde tptb\otmraslet nEskthasnal adntlar ehape a
substantlally cyllndhﬁcal sha e recess S|I|con substra

sur r oundetPHPrBkISHe thedkansysr Won%oé d?"@r%ﬁro I8 togPe @Fﬁal e s
then r erm 5%91 SrERRSH tﬁe%ﬂﬁdé%ﬁ&cﬁﬂ%ﬁj Bkide!hi M@H@ﬁfc‘?ﬂ%@t FEHA 9H”d' ng

oxi de nas as shown in ure 6J n anlsot opic etc suc as a plasma
etch, is zarhmﬂaastp)dapaﬁrnasmm tAp sbonhaiod-igtire IBmaakﬂéé@eﬁ@smmmlmea

recess 12 onpl etely thro ilJjcon r 80 and form an axi al
channel gﬁg"ﬂ‘%ﬁ@%ﬂk‘ @{%qggéﬁéﬂl%ﬂﬁ ér@%eig‘fop surface 122 to form an
annul ar shapedAgarrﬁftems@émé%qg a#}%ﬁe@?db?&o@e@%@ﬂ@'ahﬁ bk nala 'agaého\om |2

128 extendi ng perpendi cul ar an etched top surface . xi de mask
is then imd?igueﬁ?@y Bliedly, peotrresishigyen 18 poapplidteas Rarqnéinadus iqyeIMICms

h . 6L t h |t t 6 d
vl y B CSUBSEY 208 h0/eIEH SERBUER i isn AnFUouRTR bTHERY oAl
conpl et el yogbAUAS &f sili€sh E@ssrat 1'3@4%%%95@&‘%#1@0101%@@%&[9}'7 @to@é’é]&t' IQ&‘@IUS
ridge. 15 26JUL2005 Enbodi ment of Figures 7A- In this e di ment

m cropr ot 12$i AN aniselyopis eteh sech fisenplassial et@bms sp;blgad tt @e top surface to etch
central portion 146 and form a cylindrical shaped passage 152 compiletely through

silicon substrate 134 as shown in Figure 7D. Preferably, passage 152 is formed by a
plasma etch to etch along the planes substantially perpendicular to top surface 136 of
silicon substrate 134.

Photoresist mask 150 is removed as shown in Figure 7E followed by a second
anisotropic etch to etch the exposed surfaces of top surface 136 of silicon substrate
134. As shown in Figure 7F, the anisotropic etch is carried out to form annular
columns 154 having substantially cylindrical side walls 156 extending perpendicular
to bottom surface 138 of silicon substrate 134. |

Referring to Figure 7G, an oxide layer 158 is formed on the exposed surfaces
of silicon substrate 134. As shown, oxide layer 158 covers outer face 156 of column
154 and the inner surface of channel 152. A wet nitride etch is applied to etch a
portion of the exposed nitride layer of mask 144 as shown in Figure 7H. The nitride
etch etches away a portion around the edge of nitride layer of mask 144 to expose a

- portion of the upper surface of annular column 154. Since the nitride etch attacks the
inner and outer edges of the nitride layer of mask 144, the resulting nitride layer has

a dimension less than the dimension of the top surface of annular column 154. -
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134 having a top surface 136 and a bottom surface 138. A nitride |ayer 140
is formed on top surface 136. An oxide |layer 142 is formed by a | ow
tenperature formng process to cover nitride |layer 140 as shown in Figure
7A. A photoresist layer is forned on oxide |ayer 142 which is {igeflggposed
and developed to forma photoresist mask. In this enbodi nent, the

hot i st k. h ul h formng to the t
i mensi ons of RSOGO FUBPBAPPECHE fiotcetrt 160N Uit erest 14f tone
nitride ligyRishafirerdtftifX18e HANYS cdién ! ShfcehiHied P6M Fhe réﬂﬂii'rhiﬁg oxftaped

mask 144. As shown in Figure 76, mask 144 defines a central area 146 and an

out er ar dayardhdhandinitrideragemtt aterarsavediby lkotaie eldiesetahayiestripgingpiiPeess t o
exposed surface 148 an sk 144. as shown, in Fi e 7C. Typically,

phot or esi kiR DAt Tmiee i s g TR FBurehare
exposed angindavs) apatnurRicAdUAe F818a\IRG kin A usAo¥RapdY EhakefedGp BTNt T al
portion 146 of silicon substrate 134 is exposed and not covered by

phot or esiestendipgrupwiesdly framagnlsoirddi.c et ch such as a plasma etch is applied
to the top surface to etch <central portion 146 and forma cylindrical
shaped passage 152 conpletely through silicon substrate 134 as shown in

Fi gure 7EmBogfiseddlof Fibasea8a-8b2 is formed by a plasma etch to etch al ong

the planés substantial Ty perpendicular to top surface 136 of silicon
substrat e 134.InPhisternbeiisnentagkmitsaproyusioncrezy wsfosmedrfrom aFsijepr sylpstrate

surf ace 13 88 B Ep ARG 16F af 2450k Bltala, 14, KR GRRER ber % o' P
ani sot r ogbfmEd oh tbp sefdceetb®Ht shawhah RigeW ARSI AsGAltHETFeibds Bavidtment, a

substantially cylindrical side walls 156 extending perpendicular to bottom
surface Id®toksktlaysoris sumsed anexidulayref €0 @ndgdevelepediteprgucerd oxi de | ayer

158 is fonned on.the e ed. surfaces .of sili,con,substra , hown,
onide | o Pedt HSC RE R G SO ERna Ry ShnnaP a8l e R et e P Tad, T ace
of channeliméhgiond dfehe RidsiredenRriGitotrasipBP| Ogteligy&t tH & sdletliveethetite

exposed nitride layer of mask 144 as shown in Figure 7H The nitride etch

et ches awi9dec®antaxie arasknti4 ne sfqye i@ﬁ:i@ﬁ'fﬁrﬁ:fﬂe agemagk hékkagan annuipose
ot oh ot ¢ SpDe lfeRREN G B0 e NN Blecfl il 14 ARPER AR5

t he resulthéemgembtiedde | ayer has a dinension | ess than the di nension of the

top surface of annular colum 154. 16 28JUL20Q05 .
An isotropic etch is applied to the top surface 166 of silicon substrate 164 to

form an etched surface defined by concave faces 176 below oxide mask 174. As
shown in Figure 8C, the isotropic etch etches a portion of the silicon below mask 174
to form an annular shaped raised portion 178 having a dimension slightly less than
the width of mask 174.

Referring to Figure 8D, a nitride layer 180 is deposited on the top surface of
silicon substrate 164 and oxide mask 174. A photoresist mask 182 is formed on
nitride layer 180. As shown in Figure 8E, photoresist mask 182 has an exposed layer
overlying the central opening of oxide mask 174. An isotropic etch is applied on the
top surface to etch an axial passage 184 through the exposed nitride layer 180 and
through silicon substrate 164 to bottom surface 168. Preferably, the anisotropic etch
is a plasma etch to etch along the plane substantially perpendicular to bottom surface
168 of silicon substrate 164. The photoresist layer 182 is removed as shown in
Figure 8G. An anisotropic etch, which is preferably a plasma etch, is applied to the
top surface to etch nitride layer 180 and silicon substrate 164 to form annular

columns 186 as shown in Figure 8H. As in the previous embodiments, annular
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An isotropic etch is then applied to the exposed silicon around the mask 144
to form sharpened tips 160 havi ng concave shaped surfaces 162. The renai ni ng
oxide layer 158 and nitride | ayer 140 are renoved by a selective etch or
stripping process as known in the art. The resulting nicroprotzﬁzm?2®5163
as shown in Figures 7J are defined by an annular colum 158 ha

annul ar shaped sharpened tip 160 extending upwardly from col um 158.

Enbodi nment f Fi.qur.es odi.nent , a.mcroprotrusion array is
Fored v At i PRas elipd ovia st Oudn oM g R o Bt el oiet BHEATR0S hom
surface 18y A% |(931!3P|ﬁ) basih suffadest 6 6F MMEbrPBubSRateUrgsace 166 as shown in

Fi gure 8A in the previous enbodi ment, a photoresist layer is formed on
oxi de Iayer 17@\ra®mldééa$¢roﬁ&dlstformedmdbeeexp@ﬁeﬂm@ﬁ afedieon BROREGIEeNtHA

subst ant i ann | ar orr i t di mensi ons of desired
ni cr opr ot f ¥ faH %%PF?L%)U ?EC@ Fﬁ‘g%%é‘r‘@%‘@?é%ﬂ ?LHP C&Sooél.?%éa?an oxi de
mask 174 ggss 81 R R irBBigutX BAeAFikeldih Raghaly sHvYpHic soieReapplied

correspondl ng o the shape of photoresist nask 172. Photoresist nask 172 is

then r ermtxechmwe ilm)remplmn@poﬁlQ% dpyridedayer t4{eanad o suppeeEheledasvesi | i con

b d face def d b f I
oxi do. kU760 KE0 URBRRCIP W G & BrIL | SELTORYe MRt eRTaPEraod QeREY on

of the si{{&PaphRiow ﬂ‘%sfi‘xﬂo%d édhcfa% @uﬁao@@ﬁvbaers SRS ¢k F@@@@m@%rrﬁrg 178
havi ng a di msnsmn slightly less than the wdth of mask 1 Referring to

Fi gure 8D§harne|nteﬂ|tdre19amrarlraﬁaﬁ @oldmmo‘e?o& eHhemeni@eﬁlng}@Xm lexee 196 is &ieni con
substrate_ 164 and oxi de nma 4. RIEs] St. 182 .1 s formed
T de LI BrvaBEy SLOGHERIh A% g6 ROBRIER 0 e RS a3 GG rRor
exposed | agans deNesd Yyrh e &8oinhal seopenaRauRi: tipxi Seageakwhid Fiditeigiot r opi c
etch is applied on thé top surface to etch an axial passage 184 through the
exposed nitride layer 180 and through silicon substrate 164 to bottom
surface 1@ tropic etch is a plasma etch to etch
al ong the . gerpendi cular to bottom surface 168 of
silicon subst r at mé@ﬂnbommephqi ﬁf@@pﬁdtrds&werrwzs fernieMueda allicehevBsirate
Figure 8G An ani sotropic etch, which is preferab pl asma etch, is
appl i ed t $96 havingop tepstEeee 1§8eansha ﬁpﬁ@m@nf@@»&?a?oésé\sandhgmr%@%s substrate
164 to 1o mBRRHLAL ROhHIDTaykiS0BSs MY bR 15h AHFGBHos’ S Libbi% PIEYL ous
enbodi nent's,” annal a

SA. A photoreSIst mask 204 is formed on oxide layer 202 to define the shape of the

resulting microprotrusions. Photoresist mask 204 has a substantially annular shape
and is formed from a photoresist layer that is exposed and developed as in the
previous embodiments.

The exposed areas of oxide layer 202 are selectively etched, such as by a
plasma etch, to form an annular shaped oxide mask 206. Photoresist mask 204 is
removed and top surface 198 of silicon substrate 196 is etched with an isotropic
etchant as shown in Figure 9C. The isotropic etchant produces an annular shaped
raised portion 208 defined by concave outer faces 210 converging toward oxide
mask 206. As in the previous embodiments, the isotropic etchant removes a portion
of the silicon beneath oxide mask 206 as shown in Figure 9C.

Referring to Figure 9D, a nitride layer 212 is deposited on a top face to
completely cover silicon substrate 196 and oxide mask 206. Referring to Figure 9E,
a photoresist mask 214 is formed on nitride layer 212. Photoresist mask 214 overlies
a small area of oxide mask 206. As shown in Figure 9E, photoresist mask 214
overlies an outer edge and covers a small arcuate portion of oxide mask 206. In
preferred embodiments, photoresist mask 214 covers an arc of less than about one

quarter of the circumference of oxide mask 206. Nitride layer 212 is then etched
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2 0 JUL 2005 columm 186 is defined by a substantially cylindrical outer
wal | 188 extendi ng perpendi cular to bottom surface 168 of silicon substrate
164. An oxide layer 190 is formed on the exposed surfaces of si ZiBC‘ﬁm 0
substrate 164 to cover outer surfaces of annular colum 186 and ‘the |(ﬁner
surfaces of axial passage 184 as shown in Figure 81. A nitride etch such as

phosphor i & agfifhl %o fRh L& flidednbEBYE cto'f'\f%rréﬁgﬁi{%ﬁ% szQbéia‘Pm Sdiffenldrs! &€

| ayer 180 and to” expose the concave sur rai sed portion 178 as
shown i n Fhgoresisimash d1gloas sipdwn @i Figroas &fcand SF . tPreafe @by, ited nitod e leéch is

exposed concave surface 76.as shown.in Figure 8K to form.a  ,sharpened tip
192 on an P‘é‘i“’%ﬁ?ﬁlﬁ% Sl%@.]faﬂ{ yr%‘%ﬂi%ogtﬁgo%“q%%?c%§@tiﬂ%'st - removed by
an oxi de etch ; f [ ' i ' ' i194
'S Gefined by bhaularLhtim 165 Bl Aibnill ARSI Seshomn i
Enbodi nenfigafe BiGuNaside 8¢k 216 thirespohds suestentiallynicthepdiotenssorenofarray i s

formed froma siljcon substrate 196 havjng a top surface 198 _and a boftom
surface 2PROIORRSISMARK zﬁf’fe@,ﬁ%aﬁerl'@%ﬁoﬂ?ﬁ@ Hgglorhﬂ]ptaﬁi Qder ggee ohgridesmask ned

on top S“?éé‘%% Slpgbgvr?@ ﬁi@@%‘gbﬁ (A tBH b S meﬁémn.%ttl%rt | StridBssk 94 4 ovieps med

on oxi de Tayer I ne the shape of t resulting mcro protrusions.
Phot or esi stilyreap&ribddofitas axidalbstsantAsadlisyussetubalovs ilageimansions of aited nagikm a
photoresinfi Ia@r that i s exposed tgnd devel gped as in the previous

enbodi nent &4 dekRMERE AR dNat FT HRITBCTPRIPUMSESS- ar e sel ectivel y et ched,
such as by a I@g&g : k ; i i .
Phot or esi st nas 0 r%‘sﬁ%g%r}ggig l%g&f%dgag%%g?gg%ggfagé gﬁ%#@%ﬁ?ﬁ ate
196 is etthedxide mask 2@®ndpiitideahasiaftl 6ash photenesiat lelygursea@iedT batterned,

i sotropic etchant produces an_ annul ar shaped .rai sed portion 208 defined by
concave. RO HEEIDRd oL TOITAS (At ol SR CTRRIEADE ORSTROPIIS O
previ ous &HeylisiBSYSte 1%@@@%@& B%%&H&%sk%mvé‘sssﬁo\%ﬁﬁ IFLre@H t he

silicon beneath oxide mas 6 as shown in Figure 9C. Referring to Figure
9D, a nitride Rajeringlid Rigureploshtamisairopac etgh iBapmplied todbenpdrsetigce tvetch

Bhot or osi £ SHEIPSTAOF 2P dee BR cAITiEY [Ty BEh sT3ohBEgAke OF koL 4
overlies g@fadmbboargiSesttisirBeks 206 rédhos8QWR dHbvin BHFRURES PG Or esi st
mask 214 overlies an outer edge and covers a small arcuate portion of oxide
mask 206.amigotrppisfgased enbdslappirdio johotan eshelar sheked Lolwon @22 aving @ of
less t hancﬁ;%%%tcapglge wall 224 as shown in Figure 9K. As shown in Figure 9K, the plasma

etch etches the silicon substrate 196 along a plane substantially perpendicular to

bottom wall 200. The plasma etch also removes a portion of the nitride mask 216

leaving a portion 226 of nitride mask 216 underlying oxide mask 206. An oxide layer

228 is then formed on the exposed surfaces of silicon substrate 196 and the oxide

mask 206. As shown in Figure 9L, oxide layer 228 is not appliéd to nitride mask 216

so that nitride mask 216 is exposed. A nitride etch, such as phosphoric acid, is

applied to remove the portion 226 of nitride layer thereby forming an opening to

expose concave face 210 formed on annular column 222 as shown in Figure 9M.

An isotropic silicon etch is then applied to the exposed surface of annular

column 222 through the opening formed by the nitride etch removing portion 226.

The isotropic silicon etch etches the silicon along an interface extending away from

the opening in the oxide layer 228 to form a curved etched outer face 230 as shown

in Figure ON. The silicon etch is applied for a sufficient time to etch the face 230 to

form a sharpened tip 232. In one embodiment, the silicon etch is an isotropic etch.

In further embodiments, the silicon etch can be a plasma etch, a wet isotropic etch or

a wet anisotropic etch using potassium hydroxide.
19



quarter of the circunference of oxide mask 206. Nitride layer 212 is then
etched 18 2 8 J UL 2005 selectively to forma nitride mask 216 conform ng
to the shape and di nensions of photoresist mask 214 as shown in Figures 9E
and 9F. Preferably, the nitride etch is selective so that subs?&dU?éMBy no
etching of the silicon occurs at this stage. Photoresist mask 214 is then
stripped to expose nitride mask 216 as shown in Figure 9G N tride mask 216
corresponds substantially to the dinmensions of photoresist nask 214 and
overlies a smaldyigoidym Al istthen @@Fe%ﬁv&gggnfeyfve_ew%m@@snp%%y@ﬁyd&mwmcl n
Figure 9G In the enbodiment i1llustrated, nitride mask 214 covers only a
portion ofacichdo expdee muistopréisusipss @84 edviibrmairusionsdIfehasioageotralivt ri de
mask 214 determ nge the final shape of e m . croprotrusions.. A t oresi st
sk 218 (YT Shens St Asonly LitepadetBpaul PRuAried utiace 298 ET e
mask 206 aRdr }kﬁHQ¢Qg§§k 216. A photoresist layer is applied, patterned, ,
and devel oped to form photoresi st nmask 218 whi ch exposes the top surface 219
of silicon substrate 196 surrounded by oxi de mask 206 as shown in Figure

9H. Referring t.o Figu .9%, anisotropic etch is applied to the top
surface tghﬂi¥¥55¥¥éﬁjiﬂﬂéﬁiiage 220 extending conpl etely through silicon
substrate 196 49 aRBIHABMBAIRRGR 242 inVBREGHK 85 hiitrdpRyRlisidd B36Ss Fheied enoved
as shown in Figure 9J. An anisotropic plasm etch is applied to form an

annul ar shapieg elbstandally bdindnigabsidewallizl38 ead sshase 40| Ax2n the psérdoms i n
Figure 9K._ As sho in Figure 9K e pl as etch.etches the silicon

Subst r at o SRR MBNG. dreEhEansiaan PIIeD Srp AR P e s Dl RATaPs00.
The pl asmg, girfia @lreQ1r @MBYES rAafOTHIbABIYy AM8ofbhic éi@hiﬂg&ls f@rkPthd eaving a
portion 226 of nitride mask 216 underlying oxide mask 206. An oxide |ayer
228 i s thencropreidsion wittecwingoisasigamialica®’ and sinl axjanpaaseger & 81apdds and t he

i d k 2086, h in Fj 9L, axide.| 228. | | |
ot et de e an e SRR vidtet | e faecire Al B i Sl MG BRbsRPRAER sucn
as phospherdducdthrpbfed &pRldsed lhcbrfeepﬁﬂé‘f&réch‘@nﬂﬁfdiﬂn@ﬁtﬁ%% of2 gict sped ayer

thereby form ng an opening to expose concave face 210 formed on annul ar
col um 222pag st the Creguifereone oAmicropretien 21361 doachetie B4 4s fareeddpypl i ed

to the ex syurface of nul ar . col u 2 hr t he ni f d by
the ni tr1 B0nes entieenoviignaoe L Blee 504 T S oLl e o dBR e 2l hes
the silicon al yngieagevdrbpemedinshnitivebhanayhddarmo fibstraeantngvdriohhs vaiki de
| ayer 228 to forma curved etched outer face 230 as shown o

be understood by those skilled in the art that various changes and modifications can

be made without departing from the scope of the invention as defined in the

appended claims.
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in Figure 9N. The silicon etch is applied for a sufficient time to etch the
face 230 to forma sharpened tip 232. In one enbodinent, the silicon etch
is an isotropic etch. In further enbodinents, the silicon etchgaiibgpra

pl asma etch, a wet isotropic etch or a wet anisotropic etch using potassium
hydroxi de. 19 2 B JUL 2005 Oxide layer 228 is then selectively renoved by,
for exanple, by hydrofluoric acid, to expose m croprotrusions 234.

M croprotrusions 234 have a generally cylindrical shape with an outer

surface defiRedsLAMERYSVed i nner face 230 and sharpened tip 232.
Enbodi ment of Figure 10 In another enbodi nent of the invention, a

m croprotrusion 236 is formed having a substantially cylindrical side wall
238 and albAseettadof flgming a micriopeotiusion areasbadhpted far, detiveryoprwithdiawan 236 i s

formed froma silj.con fer.b ot ol it hoar.aph to forma circul ar shaped
mask fol | owed by %{rﬁu?(%%&%%héfjgﬁisﬁ?@’ £gcl %P?@Pﬁoérusmmﬁ”?@{r@mamgmh
cylindrical side ataédst238 ghizfp feutave £dapes frtterabtiohskth the sk med on the
silicon wafer to define the di nensions of the mcroprotrusion and to

produce shar penedc@TRiisingithe $teP$RE preferred enmbodi nent, tips 242 are spaced
apart around the circunference of mcroprotrusion 236. Each tip 242 is

formed by . cONG@VRIrASELSHAE el R1dpburiberdritoe pdfidm durfaiored between

adj acent tips 242. e several énbodi nents have been chosen to illustrate
the invention, it will be understood by those skilled in the art that
various changef®maing abaitened maskdnglayer ina plaw@dityeftaieas oasgit oPng from t he

scope of the inventio efl: i Al ; J UL 2005
WHAT |'S CLAI MED I S: 1%‘@5"% %%g%g?é%]%r%%ﬁ%igg?ﬂ%%t @FBﬁQ‘é{ﬁsﬁgy adapt ed
for delivery or w thdrpredéterminesudimensior cotrespargling ko a mierophotrasisropr ot r usi on

in the array having at t one sharp featyre. adapted for. interaction with

the skin conprising tt?é‘ds‘sgsﬁ’%n%?'? eﬁp%ﬁﬁ%d?rﬁﬁ S§[£@Pr5é{l’écﬁﬁisﬁ@[a top surface

and a bottom surface, gjpatEidSrotindakiccireq sidi mgskify ®vern a plurality of
of8 Ry fye,

areas on said top

etching said exposed area of said top surface of said substrate to a
sufficient depth to form a plurality of microprotrusions, and

removing said masking layer from said substrate to expose said
microprotrusions.

2. The method of claim 1, further comprising the step of forming an oxide layer
on said top surface of said substrate.

3. The method of claim 2, wherein said patterned masking layer is a nitride layer.
4. The method of claim 1, wherein said substrate is made of silicon.

5. The method of claim 1, comprising the step of applying a patterned masking
layer on said bottom surface of said base and etching a channel
through said bottom surface to a top end of said microprotrusions.

6. The method of claim 3, further comprising the steps of providing an oxide layer
on said bottom surface of said substrate, etching an area of said oxide
layer on said bottom surface of said substrate oriented below said

1



surface, said areas of said patterned masking |layer having a predeterm ned
di mensi on corresponding to a mcroprotrusion and defining an exposed area
of said top surface of said substrate around said areas of said nagKlhgs
| ayer, etching said exposed area of said top surface of said substrate to a
sufficient depth to forma plurality of mcroprotrusions, and renoving said
maski ng | ayer from said substrate to expose said mcroprotrusions. 2. The

met hod of cl ai m lmidreprofEioROaRd iedeﬂ?éhﬁaﬁrﬁélFéx ndirj Bef\@ensdixi de | ayer  on
said top surface of said substrate. 3. The nethod of claim2, wherein said
patterned maski ngbottgresurface topaiditee sUEges.. 4. The nethod of claim 1,
wherein said substrate is nade of silicon. 5. The nethod of claima1,

compr i Sing. e nRey Bf cBRLY breh PR BTORAngRBIK Afiae Bys <88 ridhdgbot tom

surface o ase and etching a channe rough said bottom surface to a
top end of said ntempfises etabingraspluglityTofearaas hroskid oxidedayerin saidt her

conprising the st f oroviding a i Laver on said bott surface of
said substrate, e?@ﬁ?'ﬁéuﬁﬁgépggg'gfsugggé’ %’?H a@ﬁ/lylpgfege@dg%ﬁ 'nﬂg{g om surface
of said substr at enigidedayercorbsdiaWottdhrdsitfacedo&odbh s@l¥xideagergnadt r usi on, and
etching a channel extendi ng between said bottomsurface to said top surface.
7. The nethod of eichemhasea RRSA btam §Hf@GL.f or mi ng said nitride layer, said
met hod conprises etching a plurality of areas in said oxide |ayer on said

bot t om sugf #6& nithed@bflcialPBOWhereh duBsE|ushPtb Sai @EcHRY 6PSAH MkRieSaydH tri de
| ayer on said bottom surface to cover said oxide |ayer and etched area on

sai d bottom sur f aee sagl.botieen surtfacs) seid meHios @Mpiresstahisgisekhuitive t o sai d
e1ch 9 of 53, 5| ol AL LB G50y T =

etching said nitri surrtace expose’s ét ched

area in said oxi dayet ary saiddvotioa Surfadd, amdsicHing e, chandekthedughgsaid channel
through said substrate extendi ng between sajd bottom surface tr? said top
surface of said PdRsirate extending between said bottom surface to said top surface

of said base.

9. The method of claim 1, further comprising the step of forming an oxide layer
on said top surface and said microprotrusions, etching a portion of
said oxide layer on said microprotrusions to expose a tip portion of
said microprotrusions, and etching said exposed tip portion of said
microprotrusion to form a channel extending between said tip portion
of said microprotrusion and said bottom surface of said base.

10. The method of claim 9, further comprising the step of applying a photoresist
layer to said microprotrusions.

11. The method of claim 10, further comprising the step of etching said top
surface around said photoresist layer on each of said microprotrusions

to form an annular column.
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9. The nethod of claim1l1, further conprising the step of form ng an oxide

| ayer on said top surface and said mcro protrusions, etching a portion of
said oxide layer on said microprotrusions to expose a tip portion of said
m croprotrusions, and etching said exposed tip portion of said 78 JUL 2005

m croprotrusion to forma channel extending between said tip portion of
said microprotrusion and said bottom surface of said base. 10.- The net hod of
claim9, further conprising the step of applying a photoresist I|ayer to
said mcroprotrusions. 11. The nethod of claim 10, further conprising the
step of etching said top. surface around said photoresist |ayer on each of
sai d m cr dgr BtMetsPd A forming 8 MicroRrAftigarabLaderied for deliveryjon. 2005 12. A

met hod of form ngygy WaPBfaEt{éfﬁﬁc% thfd ﬁﬂ?‘%%ﬂ.rﬁi&hg‘i‘&t‘r&é{@ﬁ}h@% W t hdr aval
of substances through skin, each m croprotrusion in e array having at

| east one sharp fa@ayhaviagapteadt boe shatpefeatire adapiedfot iderastiomwitiothps | si ng
the steps of providing a siligcon subsftrate having a top surface with a

maski ng | ayer, r%&BH‘@nﬁmﬁéﬁ?iS&e@S‘o said nmasking layer to forma plurality
of substantially ring shaped portions of said nasking |ayer on said top

surface, etchi pgviinglatsiticon subsiegtedfaviryy altsp surtaue witthatmadieng Ryéor m a
channel extending through a center of each of said ring shaped portions,

Famovi ngsai o TG REEGII Sm s RagPuehtadaha Auply A BCkciaRRal 7

mi croprotrusion array. rifgshddtRl pEHisesordai sRinkAayded 8aif tsgsdrig@s ki ng
| ayer is an oxide |ayer on said substrate. 14. "The nethod of claim 12,

wherein prior to renoving said ring shaped portions of said nmasking |ayer,
sai d met hod cofishingesaidiamhsyiaceRirald siliermsubsirmde fafamaa shianeai d ring

shaped oxi de portions h it I 3. . : Qﬁ’é’p claim13,
conprising formng a p%ﬁ?g@ﬁ%ﬁgggb{én%ﬁéiﬁadgg(?%ﬁiotf}?gjeﬁ%port|é§{13 on said
oxi de | ayer and et chi ngpriamng and tddotnagaranautanediusei dround each of said

ring shaped portions, and

removing said ring shaped portions of said masking layer to form a
microprotrusion array.

13. The method of claim 12, wherein said masking layer is an oxide layer on said

substrate.

14. The method of claim 12, wherein prior to removing said ring shaped portions
of said masking layer, said method comprises etching said silicon
substrate around said ring shaped oxide portions to form a pointed tip.

15. The method of claim 13, comprising forming a plurality of ring shaped nitride
portions on said oxide layer and etching said oxide layer around said
ring shaped nitride portions to form said ring shaped portions from
said oxide layer.

16. The method of claim 13, after removing said ring shaped oxide portions, said
method further comprises the steps of forming a second oxide layer
on said microprotrusion array to sharpen said microprotrusions, and
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ring shaped nitride portions to formsaid ring shaped portions from said
oxi de layer. 16. The nethod of claim 13, after renoving said ring shaped
oxi de portions, said method further conprises the steps of formng a second
oxide layer on said mcroprotrusion array to sharpen said m croprotrusions,
and 2-3 28 J UL 2005 renoving said second oxide |ayer to exposed said
sharpened m croprotrusions. 17. The nmethod of claim 16, conprising §#pP)EY NY

a photoresi st | ay@mdvhgsdifl see65@BLdRARS tb BXSEs<'sAidisHafdrie@Pr Ot rusi ons,
and etching said secon oxide layer to forma ring shaped oxide |ayer prior

to said step of miCEPRrAusiand. channel s and annul ar portions. 18. The net hod
of claim13, said nethod further conprising applying an oxide |ayer to an

i nner and ’ &ﬁ\‘b&l ; ; fter etching
said sili é?-ﬁ'%’ﬁ%ﬁﬁé’fﬂgﬁ ﬁr)lég S apegH %é@@ggp%gﬂl o'ﬁ%’gls?(l)%feyr&?ngﬁgi nted tips on
sai d colums. 19.sédoadmeddedyerf o saidmitBprotougidres, andngichiagrsgichggdondng a
nitride | ayer onto. st oxide |a ore etchi nag%gfal d .channels in

aj d i r .he
said mcroprotr us?)ﬂies‘.ayeﬁgﬂ {O‘f'ﬂea 9 ﬁ'&%P%’femﬁﬁg%I%eiBFOHSr e@o%ri si ng
appl yi ng a phot or&ghipig Jaiy Eharitl® afdiafindliaf pbdiensayer and top surface of said
substrate prior to formng said channels. 21. The nethod of claim 20,

conprising the step of renoving said c;)chhotoresi st . layer prior to said step
of form ng%ﬁfﬂ% af claif i$n=aid methodifurther REMPAEING] ai m 13, furt her
conprising applying a nitride layer to said top surface of said substrate

and 1ing_shapegoRhiaNsade 1a9er {clarf BT A ah ¥ ferlitdcRlorGald sftfuiarapp! yi ng a

photoresist layer to said nitride layer overlying said ring shaped oxide
portions, and forn ng clumnghanthinessaftes etching:saidfslisonfaspunchgaidding col unns.

oui ot surt ace of sai o SRS PERof REford fied 540, fle BRhe ™2,

renmoving said nitride layer fromsaid colums, and further etching said
si | i con atl9aTthemethodoiclaim $8; fdrtbet compriging Bpplying & hitndeclager antp .said

first oxide layer before etching said channels in said microprotrusions.

20. The method of claim 19, further comprising applying a photoresist layer onto
said nitride layer and top surface of said substrate prior to forming said
channels.

21. The method of claim 20, comprising the step of removing said photoresist
layer prior to said step of forming said annular columns.

22. The method of claim 13, further comprising applying a nitride layer to said top
surface of said substrate and ring shaped portions prior to forming
said annular columns, applying a photoresist layer to said nitride layer
overlying said ring shaped oxide portions, and forming said channels,
and thereafter forming said columns.

23. The method of claim 22, further comprising forming an oxide layer on an
outer surface of said column and an inner surface of said channel, and
removing said nitride layer from said columns, and further etching said
silicon at an outer end of said columns to form a sharpened tip.
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24 26JUL2005 24. The method of claim?22, wherein prior to etching said
silicon substrate, said nethod further conprises form ng an oxi de |ayer on
an outer surface of said colums and on an inner surface of sajd channel
where a portion of a top end of said colum is free of said oxd 8dUlL &er,
and etching said portion of said top end to said colum to form a-bevel ed
tip. 25. The nmethod of claim 12, further conprising cutting a beveled tip on

said col gAMThe fetHdtEon@AiRP2 QX/h@r'eﬁd Prict 2o etdHind'S4id SRIEBAIstibBEtafe QéﬁUd' ng a
dicing saw, and cutting said beveled tip with said dicing saw. . The

met hod of claim Zmethﬁlﬁ’efﬂéhﬁf epmpFisasfopning; alyoXdde tayseQBIan @aeaswéaqeod
further CO”P“SeSofE‘é&?@Eb@Hw%aéﬁh §H5Hg§hér'§uﬁaéé'BPQénhzcg%‘ﬁth‘vaﬁr%ga The method
Support nediumis a wax. . A netho

of claim 27, wherein sal of formng a
m croprotrusi on aportign aflagoeenti@f sdiel cohany iofree of saidroxidd Iavér anlist ances

t hrough skin, eac ] croprotrusign jn the rray hav ast one sharp
foature adapt ed (OEhMGAGERMER o e tohBhasRisn Y calindp i poSeER o
provi ding a substﬁp’@te having a top surface and a bottom surface; formng a

plurality of recesses in said top surface, said recesses defining inclined
surfaces with respect to a Elane of said top surface, said inclined

surfaces £8r Fnegethrdet dainyi 2 sIHRPBEFRMPHSIRG CUBIRG & keNRlechEP 8Ns&id i on of sai d
substrate around § ﬂb& Sﬁérﬁ?@ﬁ%tﬁddjéf %anfo%ggrtﬁgr %ﬁ%sﬁérﬁm\ﬁ&lﬂ gotrusi ons

havi ng an outer en sard s od of claim
29, wherein said dlnimgtsm\t eandswitlngasaid ibeieled|tipovittdsdid alicing awgr oup consi sting
of silicon, silicon oxide, silicon nitride, epoxy resins, nickel and

Cubst rat o2/ s paript efa 24 wogieh R 0B Blpg B4l sHRERBAT el ai m 20

wher ei n sai d i nclfunhdr sompeseseacasifigsaidtoluymn in a support medium.
28. The method of claim 27, wherein said support medium is a wax.

29. A method of forming a microprotrusion array adapted for delivery or
withdrawal of substances through skin, each microprotrusion in the
array having at least one sharp feature adapted for interaction with the
skin comprising the steps of

providing a substrate having a top surface and a bottom surface;

forming a plurality of recesses in said top surface, said recesses defining
inclined surfaces with respect to a plane of said top surface,
said inclined surfaces forming an array of sharpened tips, and

removing a portion of said substrate around said sharpened tips to form
an array of microprotrusions having an outer end formed by
said sharpened tips.

30. The method of claim 29, wherein said substrate is a material selected from
the group consisting of silicon, silicon oxide, silicon nitride, epoxy

resins, nickel and aluminum.
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appl ying an ani sotropic etchant to said top surface of said substrate and
formng a beveled surface in a crystal plane of said substrate. 33. The
met hod of claim 32, wherein said anisotropic etchant is selected fromthe
group consi sting of potassium hydroxide, ethylene diamne pyrocatecol,
amoni um hydr oxi de, sodi um hydroxi de, CsOH, and N2H4. 34. The? getlhdgn;of
claim?29, wherein said inclined surfaces are fornmed by applying an

i sot ropi c3gt Thaethdd 6P¢I8int 20 SWhéRFEsAE sBBbttate Y9 pbR3Hicon §r5am-'6|:tﬁwdm§t hod of
claim 34, wherein said isot ropr c etchant conprises’a mxture

hydr of | uori ¢ aci oSili@etic acid and nitric acid. 36. The method of claim 29,
wherein said array of mcroprotrusions are formed by nachining said top

surface obysehd nehsd bﬁérsmaﬁgtwﬁe f &hi ﬁ@ﬁ@&e HatdPsre Bfmed pfet hod of

forming a mcroprotrusion array a apte | very or wthdrawal of
subst ances t hr ougéppi)ing anearisotrapic efchant tossaithtaprsurfase afrsaid/sitsstiatgy at | east

one sharp feature e [l tion_ with the |n conpr srngthe
steps of providi n@?‘gﬁ’iﬁﬁgq%%P&é'ﬁﬁ\f“ﬁ%"%"l%Wéﬁ?'fpé%e ! SHE&( ﬁrsurface
formng an array of mcroprotrusions on said top surface of said substrate,

sai d m cr Gpr Ohe nﬁtmwohaairmgm/vh@nerrssmﬁamotraprzt dtonantng selectezifsdmaine bevel
on said top surface of each of _s {@& mcyfgsrotrusrons 38. The net hod of
cl ai m 37, wher ei n8"4PFRFE 'B%PBPP Sy NYAI0Wdg nethyiear diaminface, and sai d

step of formi ng Seyreciees aﬁf?r%ﬁrurﬁ dF&yde %%dﬁ;mﬁ‘ﬁ?dro?(@e"(}"éd-l 4rlg 2005

oxidizing layer on said outer surface of said m croprotfusions, form ng an
oxi de | ayer on saN@H#op surface of said m croprotrusions, etchr ng said
non-oxi di zing layer to forman exposed area on said m croprotrusi ons, and

et chi ng Sghdrﬁ'é frle mcggrag deer%f’H garﬁmﬁgﬁisFﬁ‘égé’s 5 foRhBY %2' d bevel. 39.

The et ho er conprisin non- hi ng | ayer on
sai d non-oxi di zi ngppl@pgan |sotrop|c etchant to sald to surface of said substrate.

35. The method of claim 34, wherein said isotropic etchant comprises a mixture
of hydrofluoric acid, acetic acid and nitric acid.

36. The method of claim 29, wherein said array of microprotrusions are formed
by machining said top surface of said substrate around said
sharpened tips.

37. A method of forming a microprotrusion array adapted for delivery or
withdrawal of substances through skin, each microprotrusion in the
array having at least one sharp feature adapted for interaction with the
skin comprising the steps of

providing a substrate having a top surface and a bottom surface,

forming an array of microprotrusions on said top surface of said substrate,
said microprotrusions having a top surface, and

forming at least one bevel on said top surface of each of said

microprotrusions.

38. The method of claim 37, wherein said microprotrusions have an outer
surface, and said step of forming said bevel comprises forming a non-
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40. The nethod of claim 38, conprising renoving said non- oxidizing | ayer.
41. The nethod of claim 37, wherein said mcroprotrusions are forned by
selectively etching said substrate. 42. The nmethod of claim 37, wherein said
bevel s are forned by selectively etching said substrate. 43. The method of
claim 37, wherein said bevels are forned by selectively etchirig $éi 805

m croprotrusions. 27

oxidizing layer on said outer surface of said microprotrusions, forming
an oxide layer on said top surface of said microprotrusions, etching
said non-oxidizing layer to form an exposed area on said
microprotrusions, and etching said microprotrusions in said exposed
area to form said bevel.

39. The method of claim 38, further comprising applying a non- etching layer on

said non-oxidizing layer.
40. The method of claim 38, comprising removing said non- oxidizing layer.

41. The method of claim 37, wherein said microprotrusions are formed by
selectively etching said substrate.

42. The method of claim 37, wherein said bevels are formed by selectively
etching said substrate.

43. The method of claim 37, wherein said bevels are formed by selectively
etching said microprotrusions.
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