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FIELD OF THE INVENTION
The present invention relates to the field of micro-device processing. More
particularly, the present invention relates to passivating low dielectric materials with

supercritical processing solutions.

BACKGROUND OF THE INVENTION

Semiconductor fabrication generally uses photoresist in etching and other processing
steps. In the etching steps, a photoresist masks areas of the semiconductor substrate that are
‘not etched. Examples of the other processing steps include using a photoresist to mask areas
of a semiconductor substrate in an ion implantation step or using the photoresist as a blanket

protective coating of a processed wafer or using the photoresist as a blanket protective
coating of a MEMS (micro electro-mechanical system) device.
State of the art integrated circuits can contain up to 6 million transistors and more

than 800 meters of wiring. There is a constant push to increase the number of transistors on

1



than 800 neters of wiring. There is a constant push to increase the nunber
of transistors on 1 WO 03/077032 PCT/US03/06813 wafer-based integrated
ci rcui t s.wal3sphw3nunber of transistors is increased therePCIBON@ESH to
reduce the cross-tal k between the closely packed wire in order to nmaintain
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| ooki ng for new processes and new materials that can help i nprove the
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dielectric constants of between 3.5-2.5 are generally referred to as |owk
mat er i abquigentbnxorthesemidoadictbsindiitty idicedtenionsly ladmsg mnnewfprecesseannd bel ow
are generally referred to as ultra lowk (ULK) materials. For the purpose
of t hi sieapphtedalsitlat chiohelp kmpeave thepesformpege afovaiethpsedinieeraiadcintuia | ow k
materials. Lowk materials have been shown _to reduce cross-t nd
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to nean Meth sesqui oxane, which i's an exanple of the hybrid | owk

mat eri gict cd@nplel §R6l onalaAY eratSIR(SOTY éﬁd@l@ﬁé@baﬁl Isdiehtacontas basstdepad oxi de

(COD) or fluoridated silicon glass (FS are deposited using chem cal
vapor defesl dricaredtveigihrel e s, lowhtein@eratufeto el gorowsedi Bednadxdde-based lavskVEQ,
porous- MSQ and porous silica, are deposited using a spin-on process.
Wi | e llayerk Siditen baids-basee hpranidsespt stricty refbssifiam-dade materiatsn Iofachtheemced
mcro circuitry, they also provide several challenges they tend be |ess
robust arbatumbeeoflowel miatsmials whitle hasestsilicon|cajderand hydrogarboe comper@ds by et ch
and pl asma ashi ng process gener al I,g used in . . )

and/or carbon, wherein the formula is SiO,CH,, referred to herein as hybrid materials and

designated herein as MSQ materials. It is noted, however, that MSQ is often designated to

mean Methyl Silsesquioxane, which is an example of the hybrid low-k materials described

above. Some low-k materials such as carbon doped oxide (COD) or fluoridated silicon gléss

(FSG), are deposited using chemical vapor deposition techniques, while other low-k

materials, such as MSQ, porous-MSQ, and porous silica, are deposited using a spin-on

process.

While low-k materials are promising materials for fabrication of advanced micro
circuitry, they also provide several challenges they tend be less robust that more traditional
dielectric layer and can be damaged by etch and plasma ashing process generally used in
pattern dielectric layer in wafer processing, especially in the case of the hybrid low-k
materials, such as described above. Further, silicon oxide-based low-k materials tend to be
highly reactive after patterning steps. The hydrophillic surface of the silicon oxide-based
low-k material can readily absorb water and/or react with other vapors and/or process

contaminants which can alter the electrical properties of the dielectric layer itself and/or

diminish the ability to further process the wafer.
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pattern dielectric layer in wafer processing, especially in the case of the
hybrid lowk materials, such as described above. Further, silicon

oxi de- baswo iBovwoB2 materials tend to be highly reactive afPCeruSpaodses ni ng
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st eps, afigchpaiterpingstepsi ng steps for renovi ng contam nants and/ or post-etch
residue after a patterning step. SUVWARY OF THE | NVENTI ON The present
invention is directed to passivating silicon-oxide based |owk materials
using a supercritical Dbassi va(si ng solution. Lowk materials are usually
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car bon- dopemm-?nt ’é@f’}t}onslﬁfiﬁg‘%ﬁ‘fgﬂ po?ssgv?t‘é’éé}lhcoghod“#el Resrd 3K PG on
glass (FSG mater.i.al.s. l.n. accordance w h i fihe resent
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di et hyl pi peri done, propylene  carbonate, alcohol or conbinations thereof,
t 0 genejradedt inkentiape kefdrérittal pRaisaiivgdalnipnsoiiprisessupelchtisglaardanieide t h a
preferred enbodi nent of the invention, the silylating agent is an

or ganosdndianamouatpiapassivaiiic sgehythagis pugferablSia(ORBYiBY agdrttadke silylaintg ageSi - OH)
groups on the surface of the silicon oxide-based |lowk dielectric materi al
and/ or dan beligrdstucéd mto superaitichloaarbon dioxide neat or with a carrier solvent, such as N,

A O () oA £

—dimethylacetamide (DMAC), gamma-butyrolacetone (BLO), dimethyl sulfoxide (DMSO),
ethylene carbonate (EC) N—-methylpyrrolidone (NMP), dimethylpiperidone, propylene
carbonate, alcohol or combinations thereof, to generate the supercritical passivating solution.
In accordance with a preferred embodiment of the invention, the silylating agent is an
organosilicon compound, and silyl groups (Si(CR,),) attack silanol (Si-OH) groups on the
surface of the silicon oxide-based low-k dielectric material and/or in the bulk of the silicon
oxide-based low-k dielectric material to form surface capped organo-silyl groups during the
passivating step.

In accordance with further embodiments of the invention, a silicon oxide-based low-k
material is passivated with a supercritical passivating solution comprising supercritical
carbon dioxide and an organosilicon compound that comprises organo-groups with 5 carbon
atoms or fewer. In accordance with a preferred embodiment of the invention the organo-
groups, or a portion thereof, are methyl groups. For example, suitable organosilicon
compounds useful as silylating agents in the present invention include, but are not limited to,

hexamethyldisilazane (HMDS) and chlorotrimethylsilane (TMCS), trichloromethylsilane



oxi de-based |l owk dielectric material to form surface capped organo-silyl
groups during the passivating step. In accordance wth further enbodi nents
of the irwenBioon32a silicon oxide-based |owk naterial i|i®cpasey/o@ted with
a supercritical passivating solution conprising supercritical carbon
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passi vat ¥ i on,  suc e cr| 'S clrcul ated over the
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further enbodinents o e invention e sur ace of silicon
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step. I'n accordance with this enbodi ment of the invention, IP|e silicon

oxi de- hasiarlceWilh R @hblimEs of diid i@dentidn, thelsilRah eﬁldlawaeecpl@w-mmatdm Isow k
materials to a supercritical solution of supercritical carbon dioxide or

super crdriet cétlreeeatdidby ekipoxingehaiotshk emerials toarsepaotitiesslution bfidipacpritiaal not
limted to ethanol, nethanol, n-hexane and conbinati ons thereof. Wile a
super creathionalioxige acepsicrigcalahationaioxidd Withenhanobresodvestsiaslotingbutaeti | y
renove water fromlowk materials, a supercritcial_ processing solution

wi th n-lineitedrte ethanple nehaad], mchaxemmand doyahieptiphs tetass Wihilsra superctitical

processing solution with methanol and ethanol primarily remove water from low-k materials,
a supercritcial processing solution with n-hexane is believed to remove hydroxyl groups from
low-k materials and facilitate the ability of a silylating agent, or agents, to silylate the low-k
materials in the passivation processing step.

In accordance with yet further embodiments of the invention, a dielectric surface is
passivated during a cleaning processing step, wherein a post-etch residue is simultaneously
removed from the dielectric surface using a supercritical cleaning solution comprising a
passivating agent, such as described above. The post-etch residue can include a photoresist
polymer or a photoresist polymer with an anti-reflective dye and/or an anti-reflective layer.

In accordance with the method of the present invention, a patterned low-k dielectric
layer is formed by depositing a continuous layer of a low-k dielectric material, etching a
pattern in the low-k material and removing post-etch residue using a supercritical solution
comprising supercritical carbon dioxide and a silicon-based passivating agent.

After a low-k material is patterned by treating the low-k material to an etch and/or ash
process, the low-k material can show a marked increase in the k-values as a result of

degeneration of the material and/or removal of a portion of the organic component, in the
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low-k materials and facilitate the ability of a silylating agent, or
agents, to silylate the lowk materials in the passivation processing
step. I n wowmentmsre with yet further enbodi nents of the i meeEntSOHMS1IA
dielectric surface is passivated during a cleaning processing step,
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invention has the ability to restore or recover a portion of the of the

k- val upHOBORESISTNR ESEDUSFROM SERPSONDUCPORSIWSING SUPBRCRIDEEAL ed t hat

| ow-k materials passivated, in accordance with the enbodi nents of the

pr esentCARBON DIDXTP PROCESS tmedJ SoP st Applicktiotaf ered Noe 89/699222tfilek - val ues
of the original and wun-patterned material. Further details of

super crOdtoteal5s3000cand entitled FREMQV ALr @B PEIT QBRESIS 5AbEY RESEIUEF ROM
supercritical processing solutions are further described in U S. Patent
Appl i c AUBSTRATEAISING SUPEREHITIGAL. GARBANIaK e PROCESSYoboth ed wainhi t | ed
"REMOVAL OF PHOTORESI ST AND PHOTORESI ST RESI DUE FROM SEM CONDUCTORS USI NG
SUPERCREeThaTaby IncoRrBatednaRf@EnPROCESS” and U. S. Patent Appl i cation Serial
No. 09/697,222, filed

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1A-C show schematic representations of organosilicon structures used as
silylating agents in a supercritical processing step, in accordance with the embodiments of the
mvention.

Figures 1D shows schematic representations of silylating agents reacting with silanol
groups in a low-k material, in accordance with the embodiments of the invention.

Figure 1E illustrates steric hindrance between a silanol-group and a silyl-group on a
surfaces of a low-k material, which can lead to incomplete silylating of the surface.

Figure 2 shows a simplified schematic of a supercritical wafer processing apparatus,
in accordance with the embodiments of the invention.

Figure 3 shows a detailed schematic diagram of a supercritical processing apparatus,
in accordance with the embodiments of the invention.

Figure 4 is a plot of pressure versus time for a supercritical cleaning, rinse or curing

processing step, in accordance with the method of the present invention.



Cct ober 25, 2000, and entitled "REMOVAL OF PHOTORESI ST AND RESI DUE FROM
SUBSTRATE USI NG SUPERCRI TI CAL CARBON DI OXI DE PROCESS", both of which are
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i nvent i'8H7"fl'gure 3 shows a detailed schematic diagramof a supercritical
processi ng apparatus, in accordance with the enbodi ments of the invention.
Figure 4 is a plot of pressure versus tine for a supercritical cleaning,

rinse ORpfNiify DY A’L-OJ_\; lfhe met hod of the

pr esent OS031 06813 gure 5 is a schematic
bl ock di agr qms%idohﬂhd%& ﬁBﬁPﬁlofl% dﬁefe@ﬁfc'l%%r?s n%fa‘ﬂ?%a&érh@@u@ﬁg gd | owk
| ayer, in accordance wth the embodi ments of The present I|nvention. Figure

6 showspHottfrésadt @shsRBS 6APbI BBresd@ g dd Rhind skdpk] reRASeH dun kharager i al
before and after treatnent with a passivating agent, in accordance with

enbodi reesilsicdf lineheiditisesdiigh fedtieispedt ratids M adtlrdDeGOR dhtiNisGequiitdd. In
PREFERRED EMBODI MENT | n seni conduct or fabri cati on, a dielectric layer is
gener al dayliep ptdoesses chntisiefiectave cpitatgAGRIT)Af titsEminitride €T0F) were eapetrchi ng and
ashing steps. Generally, to obtain the high

deposited on the dielectric layer and the TiN anti-reflective coatings would not be removed

after patterning but rather remain a part of the device fabricated. With new classes of low

dielectric layers that can be made to be very thin, TiN anti-reflective coatings are not

preferred because anti-reflective coatings can dominate over the electrical properties of the

dielectric layer. Accordingly, polymeric spin-on anti-reflective coatings with an anti-

reflective dye that can be removed after a patterning step are preferred. Regardless of the

materials that are used in the patterning steps, after patterning the dielectric layer these

materials are preferably removed from the dialectic layer after the patterning process is

complete.

Porous low-k materials are most commonly silicon-oxide based with silanol (Si-OH)
groups and/or organo components as described above. These low-k materials can become
activated and/or damaged, which is believed to be in-part is due to depletion of an organic
component during etch and/or ash steps. In either case of activation and/or damage,
additional silanol groups are exposed which can readily adsorb water and/or contaminants
and/or chemicals that are present during other processing steps. Accordingly, partial device
structures with exposed low-k dielectric layers are difficult to handle and maintain
contaminant free, especially after patterning steps. Further, activation and/or damage the bulk
of the low-k material can result in increased k-values. It has been observed low-k mateﬂalé

that are activated and/or damaged can exhibit increases in k-values by 1.0 or more.
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resolution line widths and high feature aspect ratios, an anti-reflective
coating is required. In earlier processes, anti-reflective coating (ARC

of titaniwmogiorTodzle (Ti N) were vapor deposited on the di eceaisos/essinyer and
the TiN anti-reflective coatings would not be renoved after patterning but
rather remain a part of the device fabricated. Wth new cl asses of | ow
dielectric layers that can be nmade to be very thin, TiN anti-reflective
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over the el etligpreseht mvoeod is dfecéd toemethiodlof end systanafoepassiictiog goragsy
polyneric spin-on anti-reflective coatings with an anti- reflective dye
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Struct Wes i LR.AXPPs&dsd oWk dielectric layers are difficult to handle and
mai ntai'n contam ndnt free, especially after patterning steps. Further,

activation aRgiRndRRRGFiEhe 10UliKaccofdahbewith theenBddahbi@k of thie ifieditiba, d N
i ncreased k-values. It has been observed lowk materials that are

act i vat @gle@fdtapaskvaiggdohdion exfplisds a silanesarare H0 ket capshaby all ofgane nor e.
6 WO 03/077032 PCT/US03/06813 The present invention is directed to a
met hod @bups)cuchystie the @se pith Sexahdthydpdeons (HMBY aiacoebindtion whveganal s. The
met hod of the present invention preferably passivates a layer of patterned
| ow k | andéralidy geugs (B 5i Byasi dtahwhidraseipiéached torrayne od e posdioss 14 t he bul k
of the lowk material to produce a patterned |lowk material which js nore
hydr ophobi ¢, Ngwreferring to Figure 1B, in accordance with further embodiments of the invention,
a supercritical passivating solution comprises a pent-valent organosilicon compound 20,
wherein the silicon atom is coordinated to 5 ligands in the positions 1, 2,3, 4 and Sina
tiganolbipyramidal configuration. Typically such compounds 20 are anions with one or more
of the positions 1-5 being coordinated with halide atom, such as in the case with a
difluorotrimethylilicate anion. When the structure 20 is an anion, the compound 20 also
includes a suitable cation, such as sodium, potassium or any other inorganic or organic cation
(not shown).

Now referring Figure 1C, in accordance with yet further embodiments of the present
invention, a supercritical passivating solution comprises a silazane structure 30, which can be
described as an amine structure with two organosilyl groups coordinated to the nitrogen of the
amine, such as in the case of hexamethyldisilazane (HMDS).

Figures 1D shows schematic representations of hexamethyldisilazane (HMDS)
reacting with silanol groups on a surface of a low-k material in reaction sequence (1) and

trimethyldisilazane (TMDS) reacting with silanol groups on a surface of the low-k material in

reaction sequence (2). Note that trimethyldisilazane (TMDS) is a product in the reaction



resistant to contam nation and/or |ess reactive. In accordance with the
enbodi nents of the present invention, a passivation processing step is
carried owDosepmsately froma supercritical post-etch cl eaniusg3/psexzess or,
alternatively, is carried out sinultaneously with a supercritical

post-etch cleaning process. Referring now to Figure 1A, in accordance with
t he enbodi nents of the invention, a supercritical passivating solution
conprises a silane structure 10 which can have all organ groups, such as
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and hal i de groups gF, C, Br and etc.) which are attached to any one of the
posi t i onaterialdn a anst evithi ragption sEqusnee(2)BHenee, hexeondbyidisilodann Jer
enbodi nents of the invention, a supercritical passivating solution
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atomis coordinated to 5 ligands in the positions 1, 2, 3, 4 and 5in a

ti ganol BYPY°8ni dal configuration. Typically such conpounds 20 are anions

1. one, o LS 8Lt IeyRoRLL BB RELES, RRHEAPE SEebh bbb o
3ot U1 8B, P R0 AN ek 1° \OTRBRY R ERS ShTELUASR D B ARG c2 [ on,
m potassSium or any otner I norganfc or organic atl on (not

shown) . aclt\ﬁﬂg %t?(;\gﬁé é. Eﬂ)t@tigé' B(@Iﬁ:\lepforitﬁé Shor ?@gﬁ §3 .%Egbrﬁﬁtglg{,) Ftrié H&:geﬁ@fgpdi nment s

of the pres I nvention, a supercritica assi vati ng utiom conprises a

si | azangys§ible46 HfnBledly sitdlhie hn CARrRBrfadeS DL RYv-R AR EHDWeWGT When W th
two organosilyl groups coordinated to the nitrogen of the amne, such as

in the wassv-RimAbrexaneplt il Witk 8 8 erdive®) probistine 85lulibh sb@plsiaghemat i ¢
representati ons of hexanethyl disil azane (QKDS) reacting wth sil anol
gr oups gper@rificulfcabendioxadd a-khemiherit Blbelievadahaita greatagsiueme ef thi silard
trimethyldisilazane (TMDS) reacting with silanol groups on a surface of the
| ow k ngbeps &l are replaceaath olyl-geappeht en (i) surfdot 81.t hat tri net hyl di sil azane
(TMDS) is a product in the reaction 7 WD 03/077032 PCT/ US03/ 06813 sequence
(1), which cdawill henleptiotaneskilleddn theiartihafid supetcritjeal ppssivating selytipmsdthof t he
| ow k

any number of silylating agents and combinations of silylating agents are within the scope of

the present invention. Further, the silylating agent or agents used can be can be introduced

into supercritical carbon dioxide neat or along with a carrier solvent, such as N, N-

dimethylacetamide (DMAC), gamma-butyrolacetone (BLO), dimethyl sulfoxide (DMSO),

ethylene carbonate (EC) N—methylpyrrolidone (NMP), dimethylpiperidone, propylene

carbonate, alcohol or combinations thereof to generate the supercritical passivating solution.

Also, as explained previously the passivating agent or agents used in the present invention

can be used in supercritical cleaning processes to remove post-etch residues from a surface of

a patterned low-k material.

The present invention is particularly well suited for removing post-etch photopolymer

from a wafer material and even more specifically is well suited to remove a post-etch

photopolymer and/or a polymeric anti-reflective coating layer from a low-k silicon oxide-

based layer, including low-k layers formed from porous MSQ and porous SiO, (e.g.,

Honeywell's NANOGLASS®), while simultaneously passivating a silicon oxide-based layer.

For the purpose of simplicity, supercritical processing solutions are referred to herein as

either a supercritical cleaning and/or a supercritical passivating solution.



material in accordance with reaction sequence (2). Hence,
hexanet hyl di sil azane (HVMDS) provides is a excellent silylating agent for
use in acwordanme2 wi th the nmethod of the present inventi @aT/USog0sse3 | E
illustrates steric hindrance between a silanol group 53 and silyl-group 55
on a surface 51 of a lowk material. Note that the silanol group 53 is
extrenely large and can actually provide a protective barrier for the
silanol group 53. Accordingly, it is not general possible to conpletely
si |l yl at e an Rigire 2ehews haimepldiedisohdmaifc of al superkritiea] eracassing-eppesads, 20fhen t he
low-k material is pre-treated with a supercritical processing solution
conpr i SThegppsae200 comprseseaation dpxide srreme? Inthaidy gerenected tp 41 pdetlBged t hat
a greater percent of the silanol groups 53 are replace wth itgl- oups
55 on t236 thigrgme sowae valye w3 whish can b ppensdrd °£%P<f FOe%HaIF ﬁnvgc Fep ﬁv.et Ot“hg{ a

itical i i |Lut i i t il vlati. ent
o CorBroR o Brdhe pRach g iaoatice 22L et et o nRt eRAR s ant
i nventi on ralt:)rrt her ,

h ilyl i ;
o garebli e eisd st el o arork B AS A aRlen SRR ang oo S 0RO 02 |
| h N di hyl i ( - 1.0l
oo o ™ R a1, TR SR AT Y e BBkl AR one
N-met hyf: pvg L Of edﬁ'f%?iﬁ%%lgﬁ)% ﬁlgg gg@eﬁmymapsﬁmgm o DIORY i€ 06 i GREDBNABES

al cohol ™ or "cConbi na to“generate the supercritical passivating
S0l ut1 g clddt $0allRP of RV A IRESRARISIQUBLYiKEHE cRBSE LIRidBorAdRRn mgent s
used in the present 1hvention can be used in supercritical cleaning
processlﬁgcgsgng@ﬁmy&rggﬁ-etch residues froma surface of a patterned | owk
material. The present invention is particularly well suited for renoving
post - et ch plRipREHMAE T Fighe, thewmbedss oamberi 201 iaprfeatdn equippedswetiohe aal |y is
wel | suited to renove a post-etch photopolyner and/or a polyneric

ant i - r ahbegirésearecabies 209 faryeshafstingtle frovesking chamlean 20% aud/or frasegildtmpdhe
including owk |ayers formed from porous MSQ and porous Si02 (e.g.,

Honey weirbssereNARGELIRSBO ¢ssingichambenadlt ddew ild gropessisg hmnbey 29151 i con

oxi de-based | ayer. For the purpose of sinplicity, supercrjtical processing
sol ut | mgorda@erwlethp@mhodlm@%of?rhagweétl@rhlércoap@éu # PYIP [aBG/or 8 VaMhe! land/ or

a supercritical  passivating solution. .
P for pressurizinpg and/or evacu%ting the processing chamber 201.

Again referring to Figure 2, within the processing chamber 201 of the apparatus 200
there is preferably a chuck 233 for holding an/or supporting a wafer structure 213. The chuck
233 and/or the processing chamber 201, in accordance with further the embodiments of the
invention, has one or more heaters 231 for regulating the temperature of the wafer structure
213 and/or the temperature of a supercritical processing solution within the processing
chamber 201.

The apparatus 200, also preferably has a circulation line or loop 203 that is coupled to
the processing chamber 201. The circulation line 203 is preferably equipped with one or
more valves 215 and 215' for regulating the flow of a supercritical processing solution
through the circulation line 203 and through the processing chamber 201. The circulation
line 203, is also preferably equipped with any number back-flow valves, pumps and/or
heaters, schematically represent by the box 205, for maintaining a supercritical processing
solution and flowing the supercritical process solution through the circulation line 203 and

through the processing chamber 201. In accordance with a preferred embodiment of the



8 WD 03/077032 PCT/US03/06813 Figure 2 shows a sinplified schematic of a
supercritical processing apparatus 200. The apparatus 200 conprises a
carbon diwwiode7®eur ce 221 that is connected to an inlet | ipag/usa2essthr ough a
source val ve 223 which can be opened and closed to start and stop the fl ow
of carbon di oxide formthe carbon dioxide source 221 to the inlet line
226. The inlet line 226 is preferably equipped with one or nore back-fl ow
val ves, punps and heaters, schematically shown by the box 220, for

gener atihvegtiemdhociraudtiondinei209 bas st igeution pos 202 forintrpdeding ehrepusiry, didxdsde.

The inlet line 226 also preferably has a inlet valve 225 that is configured
t 0 open passichticgagents ancisdlosntsintp thacirpulating line 203 fATEeneraes suctqriEissl car bon
dioxide fromflowng into a processing chanber 201. Still referring to

Fi gur e ppocessieg slweas dn 8dtber 201 is preferably equipped with one or nore

pressure val_v 209 f haust | t hy [ h .. 201 _and/ f
Pegul ati ng tFE@nb érsb%‘gﬁg;é‘?l’\‘)/(ﬁf‘?rﬁ}s%i Egr%eesa%s(%éé’%?ﬁé58%&%2%%&%@”,re he
rocessj ng.. c . in. ith,t .enbadi f i i
’s cousk Fe e ShF BT D e bpatalse S i BOSHAE Ieh eferitf dndent ' on
evacuatd n .he processin h , i i j . i t hi
the b SeE g < BT D8RO o A PR B E e Sf@r%Pél?aﬁfayl“;k "
chuc r ng; t :
535 an g i ARaE CRERESH PROE B4R BITCSET U UEmd) do b ©
enbodi rBRtHe gfoc[e%?ng[ dHAUBRE 858 a clﬂéﬁ%ic‘aﬂﬁlpﬁfg VR 3B af @Fchlatidh plifip J46gsd@t i ng

the tenpetrature he wafer 'structure 13 and/or the tenperature of a

super CrantekGalst PIsQOASE IHGy e8] B4 OThEdrBor\dibRidle @ﬁﬂﬂ? $&dsBIB320b antypded RGhe The
apparatus 200, also preferably has a circulation line or loop 203 that is

coupl egréd@ssifiIchapiiRe 836 kaghe babbie dioR{ik. pukipe3 3l and whrbh dioidaepR@346s
preferably equi pped with' one or nore valves 215 and 215 for regulating
t he fl Olite@birbanslipadaepiptrgclo ipclodessiadgpnsboxitle beatert HBdogpted hedwedrtoal at i on
|l ine 203 and through the processing chanber 201. The circulation |ine 203,
i s al seapoefderadd yurep d54p pedithaiprocesniye ehanther 3Backhe proogsyaRvhambenddps and/ or
includes a processing chamber heater 350. The circulation pump 340 is located on a
circulation line 352, which couples to the processing chamber 336 at a circulation inlet 354
and at a circulation outlet 356. The chemical supply vessel 338 is coupled to the circulation
line 352 via a chemical supply line 358, which includes a first injection pump 359. A rinse
agent supply vessel 360 is coupled to the circulation line 352 via a rinse supply line 362,
which includes a second injection pump 363. The exhaust gas collection vessel 344 is
coupled to the processing chamber 336 via exhaust gas piping 364.
The carbon dioxide supply vessel 332, the carbon dioxide pump 334, and the carbon
dioxide heater 348 form a carbon dioxide supply arrangement 349. The chemical supply
vessel 338, the first injection pump 359, the rinse agent supply vessel 360, and the second
injection pump 363 form a chemical and rinse agent supply arrangement 365.
Tt will be readily apparent to one skilled in the art that the supercritical processing
apparatus 76 includes valving, control electronics, filters, and utility hookups which are
typical of supercritical fluid processing systems.

Still referring to Figure 3, in operation a wafer (not shown) with a residue thereon is

inserted into the wafer cavity 312 of the processing chamber 336 and the processing chamber
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heaters, schematically represent by the box 205, for maintaining a
supercritical processing solution and flow ng the supercritical process
sol uti on wbrosgie3t he circulation |line 203 and through thecgrisosssihg
chanber 201. In accordance with a preferred enbodi nent of the 9 WO

03/ 077032 PCT/ US03/06813 invention, the circulation line 203 has an
injection port 207 for introducing chemstry, such as a passivating agents
and solvents, into the circulation Iline 203 for generating supercritical

pr ocess36ig ssalbdiby closingrhasgatevaliz §06. Tl whowmsing chupbsrcBptis pissusized B si ng
apparatus 76 in nore detail than Figure 2 described above. Th

super cthetcadwh dirodeswip§34pitthe casbasdioxide Sipm Bgrcamonsiox %’rpgﬁi ¥f§5%nd  for

Yot et i A ol Ll
cor S b it ar bl i B e
sl RS AL e
S Bl R AR R B e

proces ﬁio%%e%ﬁﬁ%@gcés%ﬁg RAELA BEES Stk %géé@f;‘rgﬁgeﬁof fed¥g l4pete o abRttocessi ng

chanber heater circulation punp 3 ocated on a circulation
line Bgé(z’(lwﬂﬁ DrefMRY 8B ort iRt RE1 F07°0C BSSA S \WsupRAmbies] pasdvaingastdl. r cul ati on

i nl et ’and” at a circul ation out I'et 356. The chem cal supply vessel 338
i's coupl ed tRohheichingGHitial spareriticileoddiions, hefishiibctah psmp359 puinpe t1858,
which includes a first injection punp 359. A rinse agent supply vessel 360
i S coupkREsdink dhemidihy; eudhadsiailylating aga?, from tlee ehienseal supmdy yedselr38838@,the whi ch
includes a second injection punp 363. The exhaust gas collection vessel 344
is coppiceskitgetainbeps it einshngralmivhdine 338 whila texdralr digeide prpiprfrtssd.  The
carbon di oxi de supply vessel 332, the carbon dioxide punp 334, and the

car bon pradsuides|thersepereriticy 8abon diaxidearAidhe begisiag of theFHJitign CARRSABIE 349.

The chem cal supply vessel 338, the first jnjection. pu 59, the rinse
agent shepisiy iedseromsgng slrpamten 836, dBgpigssure in the processing chamber 3361s

preferably about 1,070 to 9,000 psi and preferably at or near 3,000 psi. Once a desired
amount of the processing chemistry has been pumped into the processing chamber 336 and
desired supercritical conditions are reached, the carbon dioxide pump 334 stops pressurizing
the processing chamber 336, the first injection pump 359 stops pumping processing chemistry
into the processing chamber 336, and the circulation pump 340 begins circulating the
supercritical cleaning solution comprising the supercritical carbon dioxide and the processing
chemistry. Preferably, the pressure within the processing chamber 336 at this point is about
3000 psi. By circulating the supercritical processing solution, supercritical processing
solution is replenished quicky at the surface of the wafer thereby enhancing the rate of
passivating the surface of a low-k dielectric layer on a wafer..

When a wafer (not shown) with a low-k layer is being processed within the pressure
chamber 336, the wafer is held using a mechanical chuck, a vacuum chuck or other suitable
holding or securing means. In accordance with the embodiments of the invention the wafer is
stationary within the processing chamber 336 or, alternatively, is rotated, spun or otherwise

agitated during the supercritical process step.
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injection punp 363 forma chem cal and rinse agent supply arrangenent 365.
It will be readily apparent to one skilled in the art that the

supercri twoaB/opreressi ng apparatus 76 includes val ving, ®CmtUs0s/06813
electronics, filters, and utility hookups which are typical of
supercritical fluid processing systens. Still referring to Figure 3, in
operation a wafer (not shown) with a residue thereon is inserted into the
waf er cavity 312 of the processing chanber 336 and the processing chanber
10 WO 03/ 07 AGR2tHeGTH&ISABEA pBic3ssidBHlutnsie airedatod thoiugh ichnguletien eg BAady e
306. The processing chanber 336 is pressurized by the carbon_dioxide punp
334 Wi tie prixessing bieamiotir 886 ctbe pravessitichembln?d Gis oritudly daprgpsprigedBe|l 332 and
t he carbon dioxide is heated by the carbon di oxi de heater 348 whi Lg%he
pr oces skimystirghsoniseo! tB@upescritisat rgcesy selHBopicibe §5havst %éﬁﬁ%‘ftloﬁé@?s@ 0to

ensure that a tenperature of the carbon digxide in the.processing, chanber
336 i simgigortogeim eondiionsdp e APeRsENS ?Wénleﬁrggﬁ Eypear E%&f%ﬁ‘tﬂeé"”ftt‘}gl t he

e coi Be b roaaung et ik BRI BioGel big g shan & DX de

bout 200C, d f bl t - C i iti |
cbout | 290C, 6 il Stal o B BGRh 0, 350,6 Ui aypupe | cal
| nj ect Ic?&g%?ﬁgﬁga%%%%@? p¥‘&%s i %ﬁﬁ)%{ %B@MTQEQ{&J b infUGE c8echof vkttt i Ng

agent, supp vesse Into the processing chanber 336

via tha gl ngl BlilAidd B8 pARg ¥Rk R3s GIERRA sdhaitianl primRsd s iber

pressuri zes the supercritical carbon dioxide. t he begi nning of the

addi ti ?@rf&fme‘ar&ciﬁé%fbg is ©hRWES Hbih the pfdeessheREbNB Ciertibthagbe vilhe
pressure I n the processing chanber 356 is preferably about 1,070 to 9,000
psi  andoprsliehaRhier ptocessineadntidu@Décped pro€sidgappasius edmodnisynot shbwihe
processing chem stry has been punped into the processing chanber 336 and
desi red sup@iqire tiilt@dtracsndiekmphraplet 4Gtacfipressuteherwa tipwnfod k swpedeitipahp 334
stops pressurizing the processing chanber 336, the first injection punp
359 st ppscepsiy, Suckpascapsicngicelvdeanitg/passivaiing procespstop.aB srergdansampdrthgse,

and the circulation punp 340 begins circulating the supercritical cleaning
sol ut i onetbashgfiths pregenttievestiper Nowt tetearing torhodin FiglessiSndn dorigido ap Billsi ng

time T, the wafer structure with post-etch residue thereon is placed within the processing

chamber 336 through the gate valve 306 and the processing chamber 336 is sealed. From the
initial time T, through a first duration of time T}, the processing chamber 336 is pressurized.
When the processing chamber 336 reached critical pressure P, (1,070 psi) then a processing
chemistry including a silylating agents is injected into the processing chamber 236, preferably
through the circulation line 352, as explained previously. The processing chemistry
preferably includes hexamethyldisilazane (HMDS), chlorotrimethylsilane (TMCS),
trichloromethylsilane (TMCS) and combinations thereof which are injected into the system.
Several injections of process chemistries can be performed over the duration of time T, to
generate a supercritical processing solution with the desired concentrations of chemicals. The
processing chemistry, in accordance with the embodiments of the invention, can also include
one more or more carrier solvents, ammine salts, hydrogen fluoride and/or other sources of
fluoride. Preferably, the injection(s) of the process chemistries begin upon reaching about

1100-1200 psi, as indicated by the inflection pint 405. Alternatively, the processing
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chem stry. Preferably, the pressure within the processing chanber 336 at
this point is about 3000 psi. By circulating the supercritical processing
sol ution,weuwpmermsti cal processing solution is repleni shedTqsosesiat the
surface of the wafer thereby enhancing the rate of passivating the surface
of alowk dielectric layer on a wafer.. Wien a wafer (not shown) with a

|l ow-k | ayer is being processed within the pressure chanber 336, the wafer
is held using a nechani cal chuck, a vacuum chuck or other suitable holding
or sectlidniigiryBadniected intadooprdacssiag wharhbertie 6enbudithesacondtimerla o afierthe on t he
wafer is stationary within the processing chanber 336 or, alternatively,

i s rotsdcend tispuly. or ot herwi se agitated during the supercritical process
step. 11 WO 03/077032 PCT/US03/ 06813 After the supe cri‘h?igcal rocessi ng
sol ution i sAdier puacessang chambgh3 34 teachcaen éhefﬁfilfh‘:’eprﬁﬁgﬁreaﬁmd e s &g

chanmber 336, the processing chanber 336 is artiall% degreﬁsurized by
exhaus hisg 15 Braserably pheuts) i pstibuf €an bepnyalie sodpig #ohe PBAHRE BYRIISE gas

| I ectign, |. 344 in o . ret T I I - i
Chanbe P3Gt TEaT HHEeTHEH AP EEs i Lrear clgnaret DR EPLRET S5 U7 ¢ e
' b 36 i I . [
B coRSBLEH aRerapars amupg A it B an the OB e R e B RRTRE °20 "

ol e Alua SIS G, hNE RLOREISHAG, CRANGE pRAAL Qubhen@hausinito the

col | ect} ves 3 er exhausti pressure chamnber 3 a second

super it higalag ﬁ@ﬁl@%é%e%taﬁﬁ obver thP BlaQbABEkiRE tﬁé@g@@ﬁﬁbali odefdBy Sslufisrom t he

processi ng chanber rough the gate val ve 06, and the wafer

procesghiithueo b URASEFONE ahd/BF fS eI the RIS A UBroash thaciibessfing thavhigean) .
Figure 4 il1lustrates an exenplary plot 400 of pressure versus tine for a

super cBit LGak thdiRGRSISN P25 I br s cancenpatiar oftthe alperdraanal protessisgi vat i ng
process step, in accordance with the nethod of the present invention. Now
r ef er r islgtib® whtbiththEipgovessingclantbed js adjusted tye @mmshitmonglaprocesspes descrihede waf er
structure with post-etch residue thereon is placed within the processing
chanbebeldd6 t hrough the gate val ve 306 and the processing chanber 336 is
sealed. Fromthe initial tinme To through, a first duration of tirme T1, the
processi ng Stidlmperrigz® E1gurp,49§gzupmsbethr_ough process, over the duration of time T; a

fresh stock of supercritical carbon dioxide fed into the processing chamber 336, while the
supercritical cleansing solution along with process residue suspended or dissolved therein is
simultaneously displaced from the processing chamber 336 through the vent line 364. After
the push-through step is complete, then over a duration of time T,, the processing chamber
336 is cycled through a plurality of decompression and compression cycles. Preferably, this
is accomplished by venting the processing chamber 336 below the operating pressure P, to
about 1,100-1,200 psi in a first exhaust and then raising the pressure within the processing
chamber 336 from 1,100-1,200 psi to the operating pressure P, or above with a first pressure
recharge. After, the decompression and compression cycles are complete, then the processing
chamber is completely vented or exhausted to atmospheric pressure. For wafer processing, a
next wafer processing step begins or the wafer is removed form the processing chamber and
moved to a second process apparatus or module to continue processing.

The plot 400 is provided for exemplary purposes only. It will be understood by those
skilled in the art that a supercritical processing step can have any number of different

time/pressures or temperature profiles without departing from the scope of the present
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When the processing chanber 336 reached critical pressure Pc (1,070 psi)
then a processing chemstry including a silylating agents is injected into
t he proceweoimag7mbanber 236, preferably through the circulpaiusn3/bhisme 352,
as expl ained previously. The processing chem stry preferably includes
hexanet hyl di si | azane (HVDS), chlorotrinethylsilane (TMCS),
trichloronethylsilane (TMCS) and conbi nati ons thereof which are injected
into the system Several injections of process chem stries can be

per f or gREnever Firtier ey Ao oftlehning afid rinse prgesssingtsequenesspeitlepachisteal
processing solution with the desired concentrations of chenicals. The

pr oces havigg aenisbenof compeession dahdecomipressionsyeapagicadisrlaied. 1480 dvent i on,
can also include one nore or nore carrier solvents,  anm ne sal.és hydr ogen
f1 uor i detedmutGoushyivencendationsofRrions herTics andy PPEPREINEAPFRTEl on(s) of
t he process chemi stries begjn upon reaching about., 1100- 1200, psi, ..as

i ndi cabewesng pdutionrqap beirealilyity Of%b%).f thq 4P ﬁ%ﬂoin\ﬁéf“fr‘}dl %%éﬁer%gcagggy H%‘elz WD
03/ 077032 PCT/ US03/ 06813 chem stry is.injec into r i chanber
336 ar utdn %ﬁ‘é’eé%ﬁ’ﬁbprtotc‘??ém?f{g@r tL%%?CQFdaPﬁ%Wltéglg%Wg%%e%%q Rﬁ\ﬁ gi;ﬁlg
processi ng,.chanber. 336 .reach ratin : { cond time
o ahTERIHan Grn e BBFy - So0E 1 Bub! B vafith MES R sb e aRaEh EAPCCee

EEE ggg&&%%og |d s%?%é&’ﬁbeoxje%ithsrléi‘efr%rfcie%Fi psmai ntain supercritical conditions,

1 X
processing solution=s circul ated over and/or around the

waf er and ”Fﬁ%g% ig Eg@ggﬁﬁﬁ B80 GRBARE stcP3 Gortsdafifl b REbst@td @ikl on i ne

325, such as SCri Then the pressure within the processing

C ha”bercoéigﬁsf’ng ol TARERBS BSy-RN8yeP WAd pddtetdiUtaliomebn ubiig atsiperstitiai cr i t i cal
processing solfution continues to be circul ated over and/or around the

vaf er  anGntddrad PhssiREnpsoREsH igthe brpisoR thedbstuee sigudiire compasihgthegrosi-i ne
325 and or the concentration of the supercritical processing solution
Wi t hi n eidierepid@e B93iced and ssrdel witlsin adjrosssng bansbepu diftet thesubsiraty SHEEES 1sas
described below Still referring to Figure 4, in a push-through process,
over t headddigbiand sefled withinBowssifg elsmbst drihe stepSoeindhe ster 404 8%r bon di oxi de
fed into the processi ng chanber 336, while the ) . .

processing chamber is pressurized with supercritical CO, and processing chemistry is added

to the supercritical CO, to generate a supercritical cleaning and passivating solution.

Preferably, the cleaning and passivating chemistry comprises at least one organosilicon

compound.

After the supercritical cleaning and passivating solution is generated in the step 504,

in the step 506 the substrate structure is maintained in the supercritical processing solution for

a period of time sufficient to remove at least a portion of the residue from the substrate

structure and passivate surfaces exposed after the reside is removed. During the step 506, the

supercritical cleaning and passivating solution is preferably circulated through the processing

chamber and/or otherwise agitated to move the supercritical cleaning solution over surfaces

of the substrate structure.

Still referring to Figure 5, after at least a portion of the residue is removed from the
substrate structure in the step 506, the processing chamber is partially exhausted in the step
508. The cleaning process comprising steps 504 and 506 are repeated any number of times,

as indicated by the arrow connecting the steps 508 to 504, required to remove the residue

from the substrate structure and passivate the surfaces exposed. The processing comprising
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supercritical cleansing solution along with process residue suspended or
di ssolved therein is sinultaneously displaced fromthe processi ng chanber
336 throuyb osioe7osent |ine 364. After the push-through st egTitsozoedsps et e
then over a duration of time TO the processing chanber 336 is cycled ’
through a plurality of deconpression and conpression cycles. Preferably
this 1is acconplished by venting the processi ng chamber 336 bel ow t he 1
operating pressure Pap to about 1,100-1,200 psi in a first exhaust and
then r gisd 50 dddes0p) s ucrdandetwhitinthi kebpriovatsefthe invaipe usa8eshf r om
1,100-1,200 psi to the operating pressure Pap or above with a.fir

pr ess ugerdritichiaoageon dibtide,, frashehetaistrpr beibi ¢ eéfk?@ivéldnﬁlreé%?eélﬁa@%?éée are
conpl ete, then the processing chanber is conple eIX]. ented.or . exhausted to
at nos phleriing phemistry & medificday diluthredie FEICRIFIMECHARORE \}%ﬁwerﬁ?tbcc%%%r Yy step

e A L
3 ]lf i lj : fe ]9 eir 2 ] :SHE:%%E;I% r etPE%};rggporeE %?et I%/rg‘éeiSSiBg Sécegss gf&jﬁ g @g ? é!&o%gg%e%v a?n’?/n number
R e
i ng e P s D o e e e Dt el at od.

,SAI so, astglver'? af P EN RS Ferith@PESNL rations of various chemcals and
pecies Withing a supercritical processing solution can be readily

tailored forgiineramm oG8k, ateriBashbafiste sirhieds aleamayinthaeepsithdib a
supercritical processing step. In accordance with the preferred enbodi nent

of the 5nijRYERAA Afseddn kiRvwlp 5 Ay @i thiesteprsdatissiprocestingehaiBbgras dewrasshtredst eps i n
approximately 3 mnute cycles, as described above with reference to

Fi gur eSind+ib subkigate erieting iardpaved fviraihe procssingeltaniber.nfltemafpecly.dke t r eati ng a
substrate structur e conprising a patterned |owk |ayer and post-etch

r esi dugubfietestucust ixcyaledupongl pug eranoregddikionplgleaiing) 5885 RIRETSSY sol ut i on

I'n the step 502 the substrate structure conprisjng the post.- etch.resi dué

i s pl acedpmsthgsbasteps 4 606 R8EPGSEQ 83 ngicaisdhydhe AP &PMIaTEng §Fes 7 1 e

structure is
and 504. Alternatively, or in addition to cycling the substrate structure through one or more

additional cleaning/rinse cycles, the substrate structure is treated to several rinse cycles prior
to removing the substrate structure from the chamber in the step 512, as indicated by the
arrow connecting the steps 510 and 508.

As described previously, the substrate structure can be dried and/or pretreated prior to
passivating the low-k layer thereon by using a supercritical solution comprising supercritical
carbon dioxide and one or more solvents such as methanol, ethanol, n-hexane and/or
combination thereof, Also, as mentioned previously pretreating the low-k layer with
supercritical solution comprising supercritical carbon dioxide and n-hexane appears to
improve the coverage of the silyl-groups on surface of the low-k layer. Also, it will be clear
of one skilled in the art that a wafer comprising a post-etch residue and/or a patterned low-k
dialectic layer can be treated to any number cleaning and passivating steps and/ér sequences.

Tt will be understood by one skilled in the art, that while the method of passiavting

low-k material has been primarily described herein with reference to a post-etch treatment
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pl aced into and sealed within processing chanber in the step 502, in the
step 504 the processing chanber is pressurized with supercritical CO2 and
processi rgoohmmiostry is added to the supercritical CO2 t@Cgarses/edses a
supercritical cleaning and passivating solution. Preferably, the cleaning
and passivating chem stry conprises at |east one organosilicon conpound.
After the supercritical cleaning and passivating solution is generated in
the step 504, in the step 506 the substrate structure is maintained in the
super Crinfliog alpofircesisanige Sedthichi thefmethodoPide ipossentfinyéntionsaf bé vsagdrie t o
renove at |least a portion of the residue fromthe substrate structure and
passi vatiecypisaivets lewdosettrialst Eurthéreitrvelibdapprsciatadshaiavhenirdating & Hev-¥t ep
506, the supercritical cleaning and passivating solution.is preferably
ci r cul ahaerialhincegirdatns vitlothe sestived Oﬁhamﬁé%télh‘(ﬁlgpna&%?liﬁp%aléﬂﬁs? siER&F to
nove the supercritical cleaning solution over surfaces of thﬁ su,flbstlrate
st r uct uokalvaes necepsereard FigphiodFing theloy-k matapal groy geating thelovek gigial ¢ e
residue is renoved fromthe ?ubstrate st r.uctfure i n tE‘Ie step 506, the
pr ocessYifly? srpsrpiical RasHAEREIAIOR3E FRPLORTS TO1HR0mS WRICHES 1he | eani ng
process conprising steps 504 and 506 are repeated any nunber of times, as
i ndi cated by the arrow connecting the steps 508 to 504, required to renobve
the residue fromthe substrate structure and passivate the surfaces
exposed. The processing conprising 14 WO 03/077032 PCT/ US03/ 06813 steps
504 and 506, in accordance with the enbodi ments of the invention, use fresh
supercritical carbon dioxide, fresh chemstry or both. Alternatively, the
concentration of the cleaning chemstry is nodified by diluting the
processi ng chanber with supercritical carbon dioxide, by adding additional
charges of cl eaning chem strgXPERAVENTANDRESVTLTHereof. Still referring to
Figure 5, after the processing steps 504, 506 and 508 are conplete, in the
step 510 theUsupasipdreritidal procedsing systpmefiehaibldgsdribed iredetsibatovs upesfenened cal
rinse solution. The supercritical rinse solution preferably conprises
super criotHiguabs LaR Armmpies with atovek dayga firmed Soiny dMBQ meniale wareecagngrwith
supercritical CO2.

g a silylating agent under several conditions. Under a first set of conditions, a sample with a

layer of the low-k layer material was treated with a solution of hexane and approximately 6
percent TMCS. The sample was then annealed at approximately 100 °C for approximately
1.0 hr. Under a second set of conditions a sample with a layer of the low-k material was
treated with a supercritical carbon dioxide passivating solution with approximately 1.0
percent TMCS at approximately 3,000 psi . Under yet a third set of conditions, a sample with
a layer of the low-k material was treated with a supercritical dioxide passivating solution with
approximately 1.0 percent TMCS at approximately 3,000 psilat 100 °C. After treatment of
the samples under the conditions described above, Fourier Transform Infrared Spectra of an
untreated samples and each of the treated sample were collected. A comparative plot of the
Fourier Transform Infrared Spectra collected are shown in Figures 6A-B.

Figure 6A plots the infrared spectra region from approximately 0 to 4,000 wave
numbers. The peak 611 corresponds to the C-H stretching of the Si(CHs); groups, which has
considerably increased for all of the samples treated with the silylating agent. The peak 661

corresponds to C-H bending of the Si(CH,), groups, which has also considerably increased
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Still referring to Figure 5, after the substrate structure is cleaned in
the steps 504, 506 and 508 and rinsed in the step 510, in the step 512 the
processi 'gogdammar i s depressurized and the substrate stParusOB048$3 r enoved
fromthe processing chanber. Alternatively, the substrate structure is
cycled through one or nore additional cleaning/ rinse processes conprising
the steps 504, 506, 508 and 510 as indicated by the arrow connecting steps
510 and 504. Alternatively, or in addition to cycling the substrate

st r uct ufae atliof theglampies toratedovith theddilationagent | EFaguirngB shosecaypirative plpis of
substrate structure is treated to several rinse cycles prior to renoving

t he subst exraded regionpfshd indrradtspedaiben it Figure64: Bpmepproxiyyatelyd.ét ed by
the arrow connecting the steps 510 and 508._As descr.i bed previousl t he
subst r atvéveRypeer i3 2 B wigge Bvnbers Eheors clparbtilasiraieths inggpase an thspeak 9é¥ i ng
the lowk |ayer thereon by using a supercritical solution conprising
supercrﬂFﬂ@h@mﬁ%QV%Hﬁaﬂioxide and one or nore solvents such as nethanol,

h l, n-h d/ or.. [ i f. Al ' d, . i I
or otreat i ng SR MBAAE R bt e oipi v e s reapufial BovaPEeRRE Y
ting | kP _ O
of e Spichit pRalEae sl i AR GBI Ve PRERA b Rin AR T] N P20
andior SomspFErn gy PER gt BB ERTRUCS 8 IATRY SISl SRbERT,

cl eani ng3Ac; PARRIF A RO SE/ASUARH GF HSRGHE Befsh conbiftions hhd Biednder st ood by
one skilled in the art, that while the nmethod of passiavting |owk nmateri al

has beegy fdﬂmajﬂryc@g@%rcbﬁmdoﬁgerei n wth reference to a post-etch treatnent
15 WO 03/077032 PCT/ US03/ 06813 and/or a post-etch cleaning treatnent, the

met hod of t hEhppesaitinientienhasihe advankepesistbkbih@capdbleadphysivatiag alaté | ow k
materials. Further, it will be appreciated that when treating a | owk
mat er i abyrfdce and being anmpatitilé Withlveherptdresking stepre syphes eerhoving grvisi-eh  a
supercritical rinse step is not always necessary and sinply drying the
| ow k nessisiuen(ingrdiog, but agt iimged tee spiownkoolmnetd ati-refipetivegostinplerers end al
passi vating solution can %? roPriate for sone applications. EXPERI MENTAL
RESUL TSpbhotopolymers) for patterned low-k layers in a supercritical processing environment. The
present invention also has been observed restore or partially restore k -values of materials lost
after patterning steps and has been shown to produce low-k layers that are stable over time.
While the present invention has been described in terms of specific embodiments
incorporating details to facilitate the understanding of the principles of construction and
operation of the invention, such references herein to specific embodiments and details thereof
is not intended to limit the scope of the claims appended hereto. It will be apparent to those
skilled in the art that modifications may be made in the embodiments chosen for illustration
without departing from the spirit and scope of the invention. Specifically, while supercritical

CO, is the preferred medium for cleaning, other supercritical media alone or in combination

with supercritical CO, and combinations of hydrogen fluoride adducts are contemplated.
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Using a supercritical processing system such as described in detail above
inreference to Figures 2 and 3, sanples with a lowk |layer forned form
MEQ nat erwalos/ovmwse treated with a silylating agent under PE®RIES0HD6813
conditions. Under a first set of conditions, a sanple with a [|ayer of the
|l ow-k |layer material was treated with a solution of hexane and
approximately 6 percent TMCS. The sanpl e was then anneal ed at
approximately 100 C for approxi nat el 1.0 hr. Under a second set of
conditions a sanple with a |ayer of(%h%DM%MFk material was treated with a
supercritical carbon di oxi de passivating solution with approximately 1.0
per cent WiMES Gleimagshisoxi matel y 3,000 psi . Under yet a third set of
conditions, a sanple with a layer of the lowk material was treated with a
supercritical dioxide passivating solution with approximtely 1.0 percent

TMCS at _apprgxi matel y, 3, 000 psi. at .100 C. .After treatnment of the sanples
under the co%dﬁ“%ﬁg}(ﬁgétﬁgi%@&qéﬁ%%? CEOBTBF Transform Infrared Spectra of

&EWEPL{ Tve b ot Bryate ififbuther AR ARy ARl EURGR Lo A f d are
approxi mat el'y 0t 8 TE OUG bas ek aer o ORI R B PRmATL SRR ' e o1

stretching of they Qj6EHIN3 groups, which has considerably increased for
all of the sanpleS treated with the silylating agent. The peak 661

corresponds o C- kel 1 saborblioaShAIGHE, St om B lowit alrtoass alest
consi derably increased 16 03/ 077032 PCT/US03/06813 for all of the

sanpl es treated wphfiallhpassivayddaritintheaggmic grbugur e 6B shows conparati ve
plots of an expanded region of the infrared spectra shown in Figure 6A,
from approxi mately 2,800 wave nunbers to 3,100 wave nunbers to nore
clearly illustrate the increase in the peak 661 for the treated sanples.
Still r@&f err iThgntethod afietaamely whereen thetmrgandc grosps @B@rissratiesgows ng to O H
stretching, which is negligible inthe in the treated sanples, but is
pronounced in the untreated sanple. From spectra shown in Figure 6A-B, it
is clear that TMCS is an effective silylating agent faor the passiyation of

| owk mat er i dbe sisthodb<claim b athsrepethersirpc SoHR $qUuTisea RFTRfoms or fewer.

4 The method of claim 1, wherein the organosilicon compound is selected from the
group consisting of hexamethyldisilazane (HMDS), chlorotrimethylsilane (TMCS)
and trichloromethylsilane (TCMYS).

5. The method of claim 1, wherein the supercritical passivating solution further

comprises a carrier solvent.

6. The method of claim 5, wherein the carrier solvent is selected from the group
consisting of N, N-dimethylacetamide (DMAC), gamma-butyrolacetone (BLO),
dimethyl sulfoxide (DMSO), ethylene carbonate (EC), N—methylpyrrolidone (NMP),

dimethylpiperidone, propylene carbonate and alcohol.
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supercritical processing conditions. The present invention has the

advant ages of being capable of passivating a lowk surface and being
conpat i bl wowsoh7oet her processi ng steps, such as renoving PETIUSEs/eds13
residues (including, but not limted to, spin-on polyneric anti-reflective
coating |layers and photopolyners) for patterned lowk layers in a
supercritical processing environnent. The present invention also has been
observed restore or partially restore k -values of materials |lost after
patterfi ng Thepstlanicbidamblevhestiothe low-lpyustige is maRtanad) EEPIHEES i & st abl e
over time. Wile the present invention has been described in terns of
speci fi ¢ enbogemEdd o 20hdesrprsiGlsiny details to facilitate the understanding
of the principles of construction and operation of the invention, such
references herein to specific enbodi nents and details thereof 1is not
intended to |limt_ the. scop f t.he clai appended her L1 w Il be

appar et toFljthﬁé%f‘éhoc’s‘kﬁ‘ﬁ‘?lghﬁi"ﬁ"eﬂf?’rﬁ%ﬁ?tﬂngttﬁgﬁo‘%&fﬁ%?%ea ion Qrﬁrali[}E%e made in the
enbodi nents chosen for .illustration i g Lr: it and
scope of 't heervae romioasiEPRG syl R oG ERR pIBAIREISR R
preferred ium for cl eani ng, other supercritical nedia alone or in
conbinatiog%ﬂﬁ#?%ﬂgwg%?britical CX2 and conbi nati ons of hydrogen fl uoride
adducts are contenplated. 17 WO 03/077032 PCT/ US03/ 06813 CLAIMS What is
Clained is: 1. A nmethod of treating a |l owk surface conprising: a treating
the |owk Sull‘ﬁeg%gché;@oﬁcl&iﬂpﬁr&ﬁéréih@é sUp@RSitival ljaBgvailgebluvion dompintanedpt
supercritica and an anobunt of a Silylating agent conprising organic
groups; and fPesshREBYA Rhgk b€ 1900 8,000 psial sol ution, wherein the | owk
surface is at least partially passivated with the organic groups. 2. The
met hod of claim 11, wherein the organic groups conprise alky groups. 3. The

met hod of claim 1, wherein the organic groups conprise 5 carbon atons or
fewer. 10. The method of claim 1, further comprising drying the low-k surface prior to treating

the low-k surface to a supercritical solution.

11.  The method of claim 10, wherein drying the low-k surface comprises treating the low-

k surface to a supercritical drying solution comprising supercritical carbon dioxide.
12.  The method of claim 1, wherein the low-k surface comprises silicon-oxide.

13.  The method of claim 1, wherein the low-k surface comprises a material selected from
the group consisting of a carbon doped oxide (COD), a spin-on-glass (SOG) and
fluoridated silicon glass (FSG).

14. A method of treating a dielectric surface, comprising:

a) removing post etch residue from the dielectric surface with a supercritical
cleaning solution; and
b) treating the dielectric surface with a passivating agent in the supercritical

cleaning solution to form a passivated dielectric surface.
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4 The nethod of claim1, wherein the organosilicon conmpound is sel ected
fromthe group consisting of hexanethyl disilazane (HVDS),
chl or ot r iwetodpt®st ane (TMCS) and trichl oronet hyl sil ane ( PCWR)S03/868131he
met hod of claim11, wherein the supercritical passivating solution further
conprises a carrier solvent. 6. The nethod of claim5, wherein the carrier
solvent is selected fromthe group consisting of N, N dinethylacetam de
(DVAC), gamma- butyrol acetone (BLO), dinethyl sulfoxide (DVBO), ethylene
car bonattse ( EBe, méthodef tiyinpy 4 rwlhdrefo tlee e8Py compises ePLFRGer i done, propyl ene
carbonate and al cohol. 18 WD 03/077032 PCT/US03/ 06813 7. The nethod of
claim1, wherein the lowk surface is maintained at tenperatures in a
range of 40 to 200 degrees_ Cel sius. 8. The net og) of claim11, wherein
treatind-t helhegnetkod g Fla%l%w%\er%lﬂﬁ]é‘?%‘?l}’m?rclélaplﬁﬁ §§Eil§;3f’%ﬁtbersol ution
conprises circulating the supercritical passivating solution over the
| ow-k surface. 9. The nethod of claim1l, wherein the supercritical
passi vatj ng .sol ution Ls nmaiptai ned. at i : to
7000 ot - 10 rboal Fit of heAP L oS belnerbobarReg Bl L
surface prio([ to treating the lowk surface to a supercritical solution.
11. The met hod of claim 10, wherein drying the | owk surface conprises
treating the low k surface to a supercritical drying solution conprising
supercritical carbon dioxide. 12. The nethod of claim1l, wherein the | owk
sur f ace; g oNpriSHSthdl b 6B 9% WEereihIhe ddRciRtinefcoOfongprisentilicomreidei n t he
| ow- k surface conprises a material selected from the group consisting of a
carbon doped oxide (COD), a spin-on-glass (SO5 and fluoridated silicon
glass (FSG. 14. A nethod of treating a dielectric surface, conprising:

19.  The method of claim 14, wherein the dielectric surface comprises a material selected

from the group consisting of a carbon doped oxide (COD), a spin-on-glass (SOG) and
fluoridated silicon glass (FSG).

20.  The method of claim 14, wherein the post etch residue comprises an anti-reflective

coating.

21.  The method of claim 20, wherein the anti-reflective coating comprises an organic

spin-on anti-reflective material.

22, The method of claim 14, wherein the passivating agent comprises an organosilicon
compound.
23.  The method of claim 22, wherein the organosilicon compound is selected from the

group consisting of hexamethyldisilazane (HMDS) and chlorotrimethylsilane (TMCS)
and trichloromethylsilane (TCMS)

24. A method of forming a patterned low-k dielectric layer, the method comprising;

a. depositing a continuous layer of low-k dielectric material;
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a) renoving post etch residue fromthe dielectric surface with a
supercritical cleaning solution; and b) treating the dielectric surface
with a paweisdariony agent in the supercritical cleaning s®Cxttsosodse3 f orm a
passivated dielectric surface. 19 WD 03/077032 PCT/ US03/06813 15. The

met hod of claim 14, wherein the residue conprises a polyner. 16. The net hod
of claim15, wherein the polyner is a photoresist polynmer. 17. The net hod
of claim 16, wherein the photoresist polyner conprises_an anti-reflective
dye. 18. Thé.net Houniog agthatonesist magk everithe eonsingpey ayerafdowk digleerigonpri ses
silicon oxide. 19. The nethod of claim 14, wherein the dielectric surface
conpri ses a mat erh@prige] ected fromthe group consisting of a carbon doped

30, “The ot fod orpadaTE tha CoBIOES T 1Dk DEER e Pl eeRb R e an

anti-reflecti ting. 21..Th t hod of i m.20,. in th

ant : -refl ect : xg ég]g?qr%%&%aﬁ%ﬁhgrg yg?%“&’?%%ﬁ?sé%kcg%ﬁ@sﬁa%n a%'?ir EIr gf I egt ive
terial. 22, Th th |_ai i j i : t

Cor s it or i OSH I e 0 ChERPRPI R
e organosilico d ; ing o

hexame'? hyl di si | az%gﬁg@ﬁ]klfggffbgﬁ?ﬁéﬁﬁéﬁgtarsﬁ%@tnhyI gcll %Sﬁiga?%m ang

trichloronmethylsilane (TCM5) 24. A nethod of form ng a patterned | owk
dielectric layer, the method conprising; a. depositing a continuous |ayer

of lowgg di efpGhEmnEd BREBI 8k wiRDeiMEhDRpBrErididal prédsiifzd S61G6E Somprises

supercritical carbon dioxide.

26. The method of claim 24, wherein the silicon-based passivating agent comprises an

organosilicon compound.

27. A method of forming dielectric layer with a reduced k-value, the method comprising
a. patterning the layer of dielectric material to form a patterned dielectric layer
with a k-value; and
d. passivating the patterned dielectric layer with a k-value with passivating agent

to form the patterned low-k dielectric layer with the reduced k-value.
28. The method of claim 27, wherein the k-value is greater than 3.0.
29. The method of claim 28, wherein the reduced k-value is less that 3.0

30.  The method of claim 29, wherein k-value and the reduced k-value differ by 1.0 or

more.
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b. form ng a photoresist mask over the continuous |ayer of |lowk dielectric
material; C patterning the continuous |ayer of |lowk dielectric materi al

t hrough twe o3phmsnr esi st mask, thereby form ng a post - et cirCrasosioss)3 and d.
removi ng the post-etch residue using a supercritical solution conprising
supercritical carbon dioxide and a silicon-based passivating agent. 25. The
met hod of claim 24, wherein the supercritical processing solution conprises
supercritical carbon dioxide. 26. The nethod of claim 24, wherein the

si | i cosibas athemasisid/aft dlaim 2 drereio drrpdipleeizic appterinl GamPE IS CBRCBORISuUNd. 27. A
met hod of formng dielectric layer with a reduced k-val ue, the nethod
conpri si ng camppaent epdhydjoedieon eaperonght. di el ectric material to forma
patterned dielectric layer wth a k-value; and d. passivating the
patterned dielectric layer with a k-value with passivating agent to form

the patterned lowk dielectrig |layer with the red - 28. The

met hod 38f clldemethod e ) %1 “ﬁ@fﬁiﬁ%ﬁﬁ?&“‘(a&“&raﬁﬁé?gtgﬁ%}ﬁk“%g@éﬁtzg. The net hod
of claim 28, wherein the reduced k-value is less that 3.0 30. The nethod of
clai m 29, WEFPHIR- VLSRR t he reduced k-value differ by 1.0 or nore.
21 WD 03/077032 PCT/ US03/ 06813 31. The nmethod of claim 27, therein the
dielectric material conprises a silicon-oxide conponent and hydrocarbon
conponent. 32. The nethod of claim 31, wherein the passivating agent is a
silylating agent conprising organic groups. 22
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