Process for Inproving Dielectric Properties in Low-K Organcsilicate .
Dielectric Material TECHNI CAL FI ELD [ 0001] The present invention relates
generally to sem conductor fabridation processes and nore particularly to
a process for repairing degradation of dielectric properties of |owk
organosilicate dielegtric ri . B sem conduct or
degices are scal ed dg 8QEEE¥*%-V¥¥£iﬂ§FQg£“ efﬁk%?bonnect “del ay :
i econes, a si gnificant %@Wf Geganasiligate Diekestrie Matesisbed- si gnal * conduct i on
The use of dielectric materials with a lower dielectric constant (k) can
significantly inprove performance measures by reducing signal. propagation
time del BRCEWIAISFEERDK, and power consunption in semi conductor devices
having a mul tilevel interconnect architecture. The nost-used dielectric

mat eri al Gli]@f Seﬂgﬁﬂggﬂﬁig{nﬁg ?&%&aﬁe‘?ﬂlgﬁ@ @&3{&3& fla%i)cguo r&%ss%? an(az) whi ch

has a d| ectric ons epe Ing on its.
met hod EQEP t 9 are
classifi lfgglf g’ % a@r %Ie%gyljc a'ﬁ% %543 3&1011 Ofwﬁfe ??f?‘?sc@%‘?g

or ganosi %Eg ping silicon oxide mnth car bon-cont ai ni ng _
conpoundég&%ﬁﬁaﬂégg QM%H%MFk dielectric material is nethylsilsesqui oxane
(MsQ, which is a polyner having an inorgani c backbone of altemating _
silicon and oxgqen atoms with nethyl (CH3) groups attached to the silicon

by a silB (Si-C) bond. MsQtypically has a dielectric constant in
t he . range k--2.6-2.8.

[0002)] As semiconductor devices are scaled down to smaller feature sizes, mterconnect

delﬂy*becomesamgmﬁcan_bparformanc&bamer*fordhlghwspeedﬂx%nalweonducnon. The use of
diclechic materials with a lowar dielectric constant (k) can significantly improve perfom;a:icc
measures by reducing si g_nal.prqpagation time dslay_, cross talk, and pawer cbnéumption n.
.semicohductor devices having a multilevel interconnect architecture. The most-used dielectric
material for semiconductor fabrication has been silicon oxide _(SiOz), which has a dielectric
constant in the range o-f k=3.9 to 4.5, depending on its method of formation. Dielectric materials
with k less than 3.9 are ciassiﬁed as _flnw-k dielectrics.” Some low-k dielectrics are

- organosilicates formed b};daping silicon oxide with cari)on-cqntaining compounds. Onesuch . .-
low-k dielectric material is methylsilsesquioxane MSQ), which is a polymer having an
inorganic backbone of alternating silicon and oxygen atoms with methyl (CHj) groups attached
to the silicon by a Sif{aon-carbon (5i—C) bond. MSQltypically hasa dielectriq constant in the

' range k=2.6-2.8.

[0003] Well-known steps in the fabrication of a semiconductor device include forming a
layer of dielectric material on a siticon wafer or on previoils levels of the device, applying a layer
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[0003] Well-known steps in the fabrication of a sem conductor device .
i nclude formng a |ayer of dielectric material on a silicon wafer or on
previous | evels of the device, applying a layer -1 of photoresist nateri al
to the surface of dielectric material, exposing areas of the photoresist

| ayer to light through a patfern mask, dissolving the exposed areas of
phot or es?élh%‘iﬁﬂsﬁt materal i 'Bﬁﬂ‘}ag‘b?ft‘iiﬁl"&ﬁ""tf%fﬁf@b éawsm%a aread dhe BpPREPsiEt eas of

di el ectr{c mej.erial, etching the -revealed areas of dielectric material,

r emovi ng @¥Hde Feltdironeh g rattesn Breds fistolving the expased aqas of phgtorerist Wilthed di el ectri c
material with metal. [00041 The steps of etching the dielectric material
and r eno%VElgPETIseluionie s5vedlithe undering aren; of delesids materiel cetelingthesevered atnsai ni ng
pl asma, .ch can degrade.the dielectric properties of the dielectric

mat er i al Otdielerighoanithaemeying tha remnaipipehetorssist Inyerypnd &illing the efchpd dielsctds t o
occur when Si- C bonds are broken and hydrophilic hydroxyl (OH) groups
repl ace MRETHVEEIRHEbI ¢ methyl - groups in the MSQ The polarity of the
dielectric material is thus. changed and the danaged dielectric nore

easily afupo4bs MMk Siepl FetchDE teldiddtidmaAdtial M 18RSEnPfhe PRItedi® BGBARF U I ENt
and dielectric constant. Subsequent heating of the danaged diel ectric

mat eri al bepifokRtPRREan O Snting pldsHaOkieH L Uepadd tnl BSlROsR8G @ ottld 1 1 g the
etched cavities with netal. Seni conductor .devices fabricated with such

damaged dicRbi€i6 batesialBloBEH SMidB%R1 Phil ddnBPL &l REEHALIRAGRAIESIH Windid
I ncreased fabrication defects conpared to devices fabricated with

undamage boslisHrEbrbkdnGnd By @5l hydrok Rpladd e b@lect ric
properties o-of MBQ t krllr oug% SI{JbSc:[ iyt Il?t gg%ﬁ%@%%rg%ﬁtﬂ%ﬂogpgﬁ%: g]r ?ret hyl

% ; (r)]g Bgr ggbbu@sciﬁ‘ﬂc MEQOThEF oI Rt 628S 4iBBotaL fFRErATs MR dhangt 9Hd A% ash&RET NY
dielectric more easily absorbs mois_il:urc, resulting in an increase of both leakage curmrent and )
dielectric constant, Sﬁbsequent ﬁeating of the damaged dielectric material can release moisture, -
inferfering with. the process of filling the etched cavities with metal. Sernicondﬁctor devices

fabricated with such damaged dielectric material exhibit reduced performance measures and

.increased fabrication defects compared to devices fabricated with undamaged dielectric métcria_l.

-[0005) | Degradation of the dielectric properties of MSQ through substitution of hydrox_}-!l o

grbiips f'or'.'me'thyl groups may oceur in other processing steps as well, such as creating naﬁoporcs -
‘in the dielectric ]a;yer by forming it from a composite of MSQ and triblock copolymier, €.

' poly(ethylene oxide—b-propylene oxide—b—ethylene oxide), and calcinat'ing the blocl; polymer to
generate pores. Another processing step, chemical-mechanical polishing, can also produce
increased leakage curmrent and dielectric constant in MSQ. The kinematic mechanical abrasion
and 2 chemical reaction with polishing additives such as tetramethylammonium hydroxide can

breakl the Si-C bonds, resulting in moisture uptake and dielectric degradation.

.



in the dielectric layer by formng it froma conposite of M5SQ and tri bl ock
copolyner, e.g., "~ poly(ethylene oxide-b-propyl ene oxide-b-ethyl ene oxide),
and cal cinating the block polymer to generate pores. Another processing
step, chem cal - mechani cal polishing, can also produce increased |eakage

current dielectric constant in MSQ  The kinemati.c nmechanical abrasion
and a ch@W@ al CERETIEDY MRS O‘ﬁ‘bﬁhf“stl:ﬁ"wg %ﬁﬁﬂ‘?@%g‘e@%ﬁmﬁ@“ﬂ with

t et r anet hyl i um h i n reak the Si-C bonds, resulting in

noi st ur eﬂ'ﬁ'ﬁﬁ'ﬁn@gﬁﬂﬁ@nﬂ@%i &&Eﬁ%g@l Trdbges e leakagssupment FleGiTo8sBRt e shown
that treatjng th ampged dielectric material with trinmethylchlorosilane

( TMCS) (M@%‘?ﬁ %“5 ‘Sg]@ﬂ‘ﬁkté%’?Wteﬁ?%&%féondﬂMhéili‘tth"amcﬁfﬂaéistari c const ant

of the natergﬁjh h%ﬁ is thought to result froma reaction in which the
TVCS r ephXiapariy Y%g? &ramp mith hdrgphobis wigethylsilogpre (GRS Dnerysiag a decrease

trimethylsjl oxane Si O, causing a decrease in the noisture uptake
of the tﬁ“éiéﬁ%‘d‘s‘ﬂfeéﬁ%ég‘lf_‘gglg‘? “?F%eéé‘ﬁ#’éﬁ”tc- GaEmens withbernethyidisilagans, dINPRIDS)

((CH3)3S] - NH Si (CH3) 3) has al so been shown to reduce | eakage current and
di el ectr %(Qyé)b?‘lél(‘g?ﬁlzc Dphhas afse beanshemwr toreduce leakage pyrgnt anddisiectricsanstantuni ch
two hydr gx roups are replaced with_ trinethylsiloxane. These are '

| : ! .
rel ativelgsts P Bt Epm Areagtion i yhich dvwe hydroxd grorpyase replgggdmah,  whi ch
require hjgnl ressures or. long treatnent tinmes to achieve their results.

Fur't her nBFEEOYRHPYae. Thest ae relriively dnciijcient phamicak raplagerasayTeaqsions heweyer.h

hydr ophobj ¢ nmethyl groups, these treatnents have not been shown to restore
the sil i ¥Bish reqpisthichprpesures priongkeament e to aphieve hgiztesully. Burthereoresrhilged
dielectric material. [00071 Alternatively, the damaged dielectric naterial
can be tFektiagthgbydropRil bidgphgroups with hydrophobic methyl groups, these treatments

' have not been shown to restore the siliéon—carbon bonds and, as a result, the polarity of the

dainaged dielectric material.

[0007]  Alternatively, the damaged dielectric m;teriai can be treated with hydrocarbon,
fluorocarbon, or organo-substituted silane gases (e.g_., {CH;),SiH ), where x is 1 to 4). ThlS

: treatm;ent' has been shown -té reduce defects in metal fillings _deﬁosited on the treated dielectric |
material. However, the effect of ﬂ'l.lS tregf;nel}t on the dielectric properties -of.the'- damaged

~ dielectric mate;‘i:il has not been dcmon;strated.



fl uorocarbon, or organo-substituted silane gases (e.g., (CH3).S H(,,),
where x is | to 4): This treatnent has been shown to reduce defects in
metal fillings deposited on the treated dielectric material. However, the
effect of this, treatnent on the dielectric properties of the damaged
dielectric material has not been denonstrated. SUMVARY OF THE | NVENTI ON

[ 0008] | & Vi | di sadvant ages i nherent in restoring
degrade&ﬁg¥%@§%fbwbﬂﬁ%$§g§&ﬁbgg of lowk dielectric material, aspects of
the present invention can be found in a process of treating the materi al
with a sigfedls ofnviemgtiht foregeingdiisadeniagsxphieyentio résheing degraded dicteestiot i on are
nore efficient and may require | ower pressures and shorter treatnent tines
t han primepertieaf loealt diclpctdc mateds, asp¢cd0THe dizest isyeation dat 8¢ foynd mredess of t he
invention can be found in a process for treating |owk organosilicate

di el ect rofdrentingsthe mbterial edithi cliseries bhiagimep Praabssevapgiiyirg thégredent ivvendbn dre a

hal ogenati on reagent, an alkylation reagent, and a termnation reagent.

Furt her mepelficentindtrivy require dovier pressufes afibshbfetbatnteniiirh dsaliddiphigr BdagBentof t he
met hod i-n the sanme chanber as a process that breaks at |east one
silicon-maedsss. ‘bond. in the dielectric material. [0010] O her aspects of the
i nvention can be found in the follow ng process for fabricating an

i nsul at | i ircuit structure. A | f. | owk

or ganosi 1N HAF B ReRhrtar by ol it e phee B Phedting  r cui
truct A resist nmsk is formed op the dielectric. materjal, th
at or 1 al oyt GRS mp B e S B i el Bt 1 ¢

ot er |8l Sren SRR o MRLOAERR! hol SRS el 2L 00, Sge - 2N

- invention can be found in performing steps of the method in the same chamber as a process that

breaks at least one silicon~-carbon bond in the dielectric material.

[0010] Other aspects of the invention can be foﬁﬁd in the following process for fabricaﬁng
an insulating lay_er onan intégtated circuit structure. A layer of low-k organosilicate dielectric

material is formed on the integrated circuit structure. A resist mask is formed on the d:ie]ec-:tric

material, the material is etched, and the resist mask is rém'oved. The dieleciri;:. material is

exposed to a halogenation reagent, an alkylation reageﬁt, and a termination reagent.

[o011] ‘Ot.her aspects of the invention can bé found in a semiconductor device with a

methylsilsesquioxane dielectric that has had one or more of its methyl groups replacedfb-y end
group molecules. The chemical formula of thé end group molecules is R;OR;, where R; isan
alkyl with a carbon chain of five or fewer carl.mn atoms (a C;-Cs lower aJkyl) and R; is either

trimethylsilyl (Si(CHs)s) or a Cy-Cs lower alkyl.



[0011] Ot her aspects of the invention can be found in a sem conductor
device with a nnthylsilsesqui oxane dielectric that has had one or nore of
its methyl groups replaced by end group nol ecul es. The chem cal formula of
the end group nolecules is RIOR2, where RL is an alkyl with a carbon chain
of five or fewer carbon atons (a O -CS |lower alkyl) and R2 is either

trimet hylP@12ly| FeieOHByE)ofdhe inveationGse faymbin wtidatrhent fod w0 d:@jnokilirather aspect s
of the invention are found in a treatnment for |Iowk organosilicate

di el ect rdidestygsodesetlideatnt properis bperbriredehdutbbepnrvidegtepdetic by a previ ous
step in the sem conductor fabrication process. Steps of the treatnent

i ncl ude sexjsoafustpr fabdcatianapesss. Step o diterticatntent iaclhdd aapesirgtthodamgaent , an

al kyl ation reagent, and a termination reagent. [0013] The foregoing has
out | i neddi¢ieatieto a@abamayonm@ehem alkdsticamehgtechdiadamiatvansgges of  the
present invention in order that the detail ed description of the invention

that foljpheg rggﬁegmfoﬁgstlgﬂés &ﬂd@g?@%ﬁgroa@g%%a%ggnm? ;\Hcﬁ%g@%%e%am ages:

of the invent escri erel ter Ich ubj ect of

the cl a":@px?% ent ﬁmle%at 4 g {hggém}edltirescﬁﬁgdﬁ &S, eéglagﬁ%%t LR say fl0s e

skilled e art t e conc 1 on and speciTi ment |sclosed

may readihy h8elhid i E(ﬁﬁinoﬁ 1&&%&“% 104 tagQ c%]tjtﬁé lﬂgeng% \gefﬁbe%scngec{)t her

structures or processes carryl ng he- pr esent

i nventi %rei.t}'atﬁé@ﬁ%%rm%es‘agl g cia X flgg/etho e skill ed in the art that

such equi val ent constructi 0 not dep St T rom t he spirit and scope of
the invention as set forth in the appended clai ms. BRI EF DESCRI PTI ON OF THE
DRAW NG 0014] It should be appreciated by those skilled in the art that the conception and specific

embodiment disclosed may readily be utilized as a basis for modifying or dcsigning other
structures or processes for carrying out the same purposes of the present invention. It should -
also be realized by those skilled in the art that such equivalent constructions dd not depart from

 the spirit and scope of the invention as set forth in the appended claims.



100151 For a nore conplete -understanding of the present invention, and
-the advantages thereof, reference is now nade to the foll ow ng
descriptions taken in conjunction with the acconpanying draw ng, in which
i ke reference nunbers indicate |ike features and wherein: 100161 Figure 1
is a flowhart illustrating a process enbodying the invention; [0017]
Figure 2 _is a reaction diagram showi ng a proposed oxi dation reaction that

damages BREE PBHRIPHIQN OFTHEDRAWMES Figure 3 is a'is a reaction di agram
showi ng the uptake of water by the damaged .dielectric; [0019] Figure 4 is

a reacti mo1sii agrraf @mbéelcux%gl%fﬁh&wsﬁdaﬁlgro?hﬁ%%ent Hve@nCindiheivhiigdlanmaged

dielectric is heated; 100201 Figure is a reaction diagram of one

erbodi mekre6f, rdféighoB M RUARAL tORe BIBR iR dedcBBLioRiASE M cohfiM&bhivAik thd 0021)
Figure 6 is a reaction diagram of an enbodi nent of the al kylation step of

the pr esﬁi&bm?i@ih@'ﬂi}duﬂﬁg', iRl PRZ L rehledtiBert ildfcaft IR A A WAGLAM Of one
enbodi nent of the termnation step of the present invention. -6 DETAILED

DESCRI PT] %]\I OF | LLUSTRATI VE ENBODI-VENTS (00231 The maki ng and using of the

present | P90ler efidere bisndlamshantillvsiaingn Reeqrssaebodiingthednyentiogng| ow. |t shoul d
be appreci ated, however, that the present invention provides nmany

appl i cabjos17) Figure 2 is a reaction diagram showing a proposed oxidation reaction that damages

the low-k dielectric;

[0018] Figure 3 is a is a reaction diagram showing the uptake of water by the damaged

dielectric;

[0019] Figure 4 is a reaction diagram illustrating the release of water when the damaged
dielectric is heated; |

[0020] Figure 5 is a reaction diagram of one embodiment of the halogenation step of the
present invention; |

[0021] Figure 6 is a reaction diagram of an embodiment of the alkylation step of the present

invention; and

[0022] Figure 7 is a reaction diagram of one émbodiment of the termination step of the -

present invention.



i nventive concepts that can be enbodied in a wide variety of specific
contexts. The specific enbodinents discussed are nerely illustrative of
specific ways to make and use the invention, and do not limt the scope of
the invention. [00241 The present invention will be described with respect
to preferred enbodinents in a specific context, nanmely an organosilicate

I k di ' lelectri ti h b d ded th h
ol dat | ol g HEBES BB SRR BAFRIRER Ty al S bo appl i o0,

however, to such dielectrics that have had silicon-carbon bonds broken by

ot her st @923]i n tIhe makinphaDBihpcir e prabitiypadtedl cRtR8RRats aleRRdedhidBtail

reference nowto Figure 1, there is shown a process 10 enbodying the

present balaw.enkhaatd beppreeiicOUHwald Rht thelgideRt Slich QPG nfad P hpptidiHON
process 11, degrades the dielectric properties of lowk dielectric

mat er i al invdiive carceys thagtah bbembdidal iR s WRdeShi bty BYspebifit Pk eBe bckRicor 1t
m ght be the renoval of photoresist by "ashing”™ with 02 plasnma or by " wet

stri ppi Ngmbosirhdhts & Subked _@;@ms@mmbtmﬁmgoﬁgeaamgsts&o e an@ s WE Q%A N e
(N} 120H) and et hanol arnine (HO C2H2- NH2). This step m ght also be

cheni cal antahanigathdobieoiitRGneatid. anari ze the dielectric material or the
renoval of sacrificial materials to increase the porosity of the dielectric
mat eri al g ke9arn | ess of the sou;c& of the dielectric degradation, the
embodi meMP28s "t ride Brese et anll b fescilicd wthiresp pt drerslsraderihadipents 1n e
di6|60tricﬁ%?%&§ h the steps of hal ogenation 12, alkylation 13, and

t er m nat {5 LpmelyagoLgraesiinal lekkpdidectriomasp dighectyic propgrtiesdieve beset i on

t hr ough ich,the organosilicate |lowk dielectric naterial may.
9 &@graded %h:oug og%at?on by exposure to O, plasma. The invention may also be ap%:/lied,
however, to such die}ectrics that have had silicon-carbon bonds i)roken by other steps in the

semiconductor fabrication process.

[0025] With reference now to Figure 1, there is shown a process 10 embodying the present
invention. A previous step in the semiconductor fabrication process 11, degrades the dielectric
properties of low-k dielectric material. This step might be O, plasma etching of the dielectric or
it might be the removal of photoresist by ‘ashing’ with O, plasma or by ‘wet strippi‘ng’ with
solutions containing components such as hydroxamine (NH;OH) and ethanolamine (HO-C H,— .
NHg).l This step might also be chsﬁxical—mechanica] polishing to planarize the dielectric material
or the removal of sacrificial materials to increase the porosity of the‘ diclcctric material,
Regardless of the SQLIIICE: of the dielectric degradation, the' embodiment of the present invention
shown in process 10 repairs the dielectric through the steps of halogenation 12, alkylation 13,

and termination 14 of the degraded dielectric.



be damaged by 02 plasma is illustrated in Figure 2.

Met hyl si | sesqui oxane. (M5Q 20 has nethyl (CH3) groups 21 attached to
silicon by a silicon-carbon bond. Wen exposed to 02 plasma 22, hydroxyl
groups 24, attached by a silicon-oxygen bond, replace sone of the nethyl
groups, creating damaged dielectric material 23 and the byproducts carbon
di oxi de ¥82€nd erreposgbreacting through viish Werrgambsilidate lowHi didertiamitensl bayds in
MSQ by silicon-oxygen bonds changes the polarity of the dielectric.

mat er i al be fagnesdhy Pxplasrfiiy dustuted imBigete 3n Methyisisesquioxent QYSQ) 20 ek methyi c
properties. [00271 The di spl acenent of hydrophobi c nethyl groups by

hydr ophi (GH) grpes@i pttachedigpdicombsosihivoorratbes bomii IThenexpgstdiod), plisms BHwn i n
Figure 3, causing a second degradation in the dielectric properties of the
mat er i al hydrawbgrovns|2d caitachsd 2 aailieort-twygerhitont! replideaoine bhHithe methglbgrauped
dielectric material 23 by hydrogen bonding (dashed |ines). The high

pol ar i t ycrgfting desneged diclecs ingpdariakd ahid #ikSypodusecrian doxtte@ased watelf Mhehe
dielectric constant and | eakage current of the dielectric material. [00281
Furt her prbbinemtofithe diliconeadiamberdd indVIBQ by tilicen-amyizen bakds arahgs tithpolaniey of
subsequent processing steps, such as annealing; in which the material is.
heat ed. Wedistestri¢ npdtdriak loading o 4 fisstsdegmidtioatin tha matEhiel’ hdicleanypropardasps t hat have
repl aced net hyl groups can react with each other when heated to produce an

vapor 1 s PRHooht PSR RREEE RS olBh SRl iR By Sl NaR B R s T e
the pr este Pongich Boisua Dokt A1l 7m0} S o Roed bR b RREFERHT L et er o
shown | noErgor BRBREREMma BT FRPBeels A Rt ORRR e oyl ene
group i S gielectric material 23 by hydrogen bonding (dashed lines). The high polérity of the water '

molecules (k~78) causes an increase in both the dielectric constant and leakage current of the

dieie_cn-ic material: —

[0028] Further problems with the dax;'laged diélectric rnateriai atiise .dluring subsequent

brbcessing steps, such as annealing; in which the material is heated. Figure 4 illustrates this

situation. The hydroxyl groups that have replaced methyl groups can react with each other when

hgiated to produce an Si—-O-Si linkage 28 and release a water molecule 29. This release of water

vapor is thonght to cause defective metal ﬁlI‘ing of-etched cavities i the dielectric material.

[0029] The first step of a repair process embodying the present invention is the exposure of
the degraded dielectric material to a halogenation reagent. One example of such a halogenatioﬂ
reaction is shown in Figure 5. The damaged dielectric material 23 with its hydroxyl end group is _
exposed, in this embodiment, to thionyl chloride (SOCI;) 30. Two intermediate reactions 31 énd
32 produce 2 final compound in which chlorine 34 has replaced the hydroxyl group in the first

8-



I nternmedi ate reactions 31 and 32 produce a final conpound in which
chlorine 34 -has replaced the hydroxyl group in the first -8 product 33 of
the repair process, and byproducts hydrogen chloride (HCl) 35 and sul fur

di oxide (SQO2) 36 are produced. In the first step of the reaction, the .

t hi onyl prhdust 33ef thawdpainguesstmandhybrididtsbydoogen cldbedgEiCI) 35 dail sulfie diokide ( SN2)
reaction 31 with the hydroxyl group to produce an internediate product and
hydr ogen(5€h) ¥rdreferoducad. alndhecirsichtopefi theircaation, ¢s tiBanyl thleriddhindergoss 2at om  bonds
to the silicon in the dielectric material, and sulfur dioxide is rel eased
as a bypyubsiifetion nhcleghilic birmaleyplar (H2preation 33 withlthe tydeoxef grovpato psidoggamat i on
reagents .that may be used in this enbodinent of the present invention.

O her r eiatpontdiate pratuct anddgydtogen ¢haidex i a geandpedetiobsgep 32 Heahbenawtbsa chl ori ne
include PCl 3, PCI5 POCl3, and Cl2. Hal ogenation reagents that cause the
hydr oxy| bapdeigthe silidpe in tp Hzteetdic matenial aahdulfer dioddeid ecl G 2 2 byRbdyct.PBr 5, and
Br?. [00311 The reagents SUC12, Pd13, POd's, POC13, SOBr2, PBr3 and PBr5 are

o520, | ok Lt UG g S ol M e 11
et er S S o2l A e e BRI B 04 ¢
LT R AR e B BB, b nd GOl B BRI 0 2
O ol R0 Tt R Bl SRS R .2 T The 1w

standard cubic . centineters per mnute (sccm to about 500 sccm but is.
typi cal | {003Hout T2EEagets’ O Cly, PCls, POCls, SOBr,, PBr; and PBrs are used in liquid

form. An inert gas, such as N or Ar, at a pressure that can range from about. 10 militorr to.

about 10 Torr, but that is preferably gbéﬁt 0.2 'i"orr, is used to carry the vapor from the liquid
reagent info the reaction chamber, Heating the reservoir of liquid reagent will incr'_ease the vapor
pressufe of the reagent. The reagents Cl, and Br; are used in gaseous form, at a pressure that can
range ﬁ-om about 10 militorr to about 10 Torr, but that ‘is preferably about 0.2 Torr. The flow
.rate of»tl;e.halo genation reagent into the chamber can range from about 5 sﬁﬁdmd cubic . : .
| centimeters per minute (sccr) to about 500 scem, but is typically about 250 scem.” The
halogenation step is ﬁerformed at a temperature in the range between about 25° C-and about 300°
C, but preferably ata tcmperatilre of about 150° C In the flow rate, pressure and temperature
ranges listed abbve, this st_ep- of the treatment typically takes about 5 minutes to replace all the

hydroxyl groups in the damaged dielectric material with halogen atoms.

[0032] The second step of a repair process embodying the present invention is the exposure
of the halogenated dielectric material to an alkylation reagent. Figure 6 presents one such

9.



hal ogenation step is performed at a tenperature in the range between about
25 C and about 300 C, but preferably at a tenperature of about 150 C. In
the flow rate, pressure and tenperature ranges |listed above, this step of
the treatnent typically takes about 5 mnutes to replace all the hydroxyl
groups in_the damaged dielectric material w th hal ogen atons. [0032] The
second s@kkylation stery g‘[ha ifirst prodecs 8% othéxspiaii pracessis cpposgbnethylene (Harf0i Thche
exposure of the halogenated dielectric material to an al kyl ati on reagent.
Fi gure 6 1pe abatances wierze g Sn2 regctitnidy tepioduve ghednterndiatefiroduct 45 ddmored® of t he
repair process is exposed to ethylene (C2H4) 40. The two substances

under go A2RPanoBeausds @hydrolysis reartimdd dhat hrodiges the wexdind prodynt d4l ofthe rpair Exposur e
to water vapor causes a hydrolysis reaction 43 that produces the second
product #wces, aAEGI4pas # byppeducte The HEhghs iQireBblypumpbd pvaydyatvaciiine HC1 gas
S preferablyngunped away by a vacuum system At this stage, the

si | i con- 6xstard nAtibia dtapea thelstligon-rabarditoadh hisdieetre-establishedy pulradptitophidtic  hydr oxyl|
end group is still present to cause noisture uptake in the dielectric

mat er i al hydroxd ghd sy e sl prpsestie cawse evjshwg edakesn thi dieldcidglmattérah r eagent in

t he enbodi nent of the invention illustrated in Figure b, other alkylation

t | S@mi ; o l- ) _
(rocccs (SRR ™ Rleeiag s fnfloreall BRYIGRR, fpghibhacaliduneiibioe |\,
0 O o eyt il AR O Hoer A Aon AR KA e ML LD BRI L0 o
produce lIthiumor nagnésium sa as vaporous reaction©h B Sduct s. .

Pr ef bl ISt t.h i that.it
ref er ableg, i, ,ggﬁ Ie?% "(ﬁ%d-ig?{,—géﬂghcrﬁa bl g t?ﬁ?&%%&&?,?\/\%}e‘jﬂ% sgm rr%ﬂ(?'g ?C. :

smal | nol-ecu bon*chaij n ve or '

| ower bR 80ech bR AL 8 Bl Bl St T
magnesium salts as vaporous reaction by-products. Pref;arable characteristics of the alkylation
ft;agent are that it has a small molecular size, i.c., a-carbon chain of five or fewer atoms (Ci-Cs |
lower alkyl), and that it provides an clccﬁ'on long pair easily. The alkylation reagent is used in
its gaseous form ata pressu.:;e of about 10 militorr to about 10 Torr, typically about 0.2 Torr. The

. flow rate gf th‘e alkylation reagent into the —chamber can range from about 5 scem to about 500
scem, but is preferably about 250 scom. . The alﬁylatign step is performed at a temperature inthe
range, from about 25° C to about 300"’ C, but _typicallyl at about 150° C. Typically, 5 minutes -
. exposure to the _all_cylatibn reagent will suffice to replace all the halogen atoms in the first product - -

of the repair process with alkyl hydroxyl end groups.

- [0034] - The final step of a repair process embodying the present invention is the eﬁposure of
the second product of the repair process to a termination reagent, aii embodiment of which is
illustrated in Figure 7. The second product of the repair process 44 is exposed to

trimethylchlorosilane (TMCS) ((CH33):CISi) 50, a Sn2 reaction 51 occurs, and the final product

-10-



Its gaseous format a pressure of about 10 mlitorr to about 10 Torr,
typically about 0.2 Torr. The flow rate of the alkylation reagent into the
chanber can range from about 5 scan to about 500 " seem but is preferably
about 250 scour.. The al kylation step is perforned at a tenperature in the
range from about 25 C to about 300 C, but typically at about 150 C.

Typi cal | pf thE repainptoesss S2isposiucad, dlangvith BCIGRIa8 b besroduea dHBthyddophilis uf f i ce to
replace all the halogen atonms in the-first product of the repair process
wi t h al kjydrowsd enkgrbupeefdhegrecng prodif @2 4| thakhepl ickd aith 3 hedroptobR: triLp@isilyr ocess
enbodyi ng fhe present invention is.the exposure of the second product of
t he r epaiend pogs ersetiting mofstraiptakt ibg therdbdagaietmatafal. enbodi ment of which is .
illustrated in Figure 7. The second product of the repair process 44 is

cocurs, S35 o Bl ARyt C@@l PR Apbubedciests SR oo,
fhe SecosPhrs ﬁ%’%u%ﬁa@? PR e R C«sﬁw@%%ﬁt $lff2€9a% .p| o
The or neiafiRiETRR APkl dl BONBERT, T sttt St @tgeﬁ? S can
(o) Ss.*éfﬁfﬁ@?%%%%"%?@ﬂ” foRed B Gt Bk, S ar s o Xa%‘%%%?!' ot oo
ar o uved "o 0 S R R e raby Yy AR e ip Frri%’ts%?tt%%’a?qr groents,
0. 2 ?2??“’?%9 32@' 0 gk SR wagi iR fe%éﬁﬁ?r' g P e Rbe: 222?7 on
chanber. mcr d%%%atﬁlg%? Srlélsre?m?rfcoﬁ&%mrg aqgang%ntc g tlt)ow rate of the terminaticn

reagent into the charber can range from about 5 sccm to about 500 scom, but is qulcally about

250 scem. The termination step is performed at a temperature betwcen about 50° C and about

300° C, preferably about 150° C. Typically, about five minutes exposuxe to the termmatlon

reagent is required to replace all the hydroxyl end groups in the second product of the repau:

process with trimethylsilyl end groups. If alkyl hahdes are used as the termination reagent, the

. hydroxyl end groups are replaced with alkyl end groups:

{0036] - The steps of a process embodying the present invention are preferably carried out ir
ity with the preceding step in the fabrication process that damages the dielectric material. This
is because the damaged dielectric material, the ha]ogenat:on reagents and the mtermedlatc
procli.ucts of the halogcnatlon reaction are moisture sensitive. By perfonmng the processing in a
- cluster tool with multiple chambers, the envtromnent can be controlled during and between
processing steps in t:rder to control exposure to moisture. A vacuum system can be used to carry

away the gaseous byproducts of the reaction. Alternatively, however, the semiconductor wafer

:1.1'!



I ncreased -by heating the reservoir containing the reagent:' The' flow rate
of the term nation reagent into the chanber can. range from about 5 sccm
to about 500 scorn, but is typically about 250 sccm. The term nation step
is perforned at a tenperature between about 50 C and about 300 C,
preferably about 150 C. Typically, about five m nutes exposure to the .
t er m nat being treateigembe traspartpd iffoecbrt pracessing site talahothdriea kedidd ebawlber tond - gr oups
in the second product of the repair process with trinethylsilyl end
groups. - pfevetitmplisthrabptales. are used as the term nation reagent, the

hydroxyl end groups are replaced with alkyl end groups: ... (0036] The

gbfpfn"f (R 0 oS prggéé‘@‘ﬁ?f%;“i%&f 'n[‘e%%%%ﬁ%esﬁﬁeﬁ%%rﬁ%@eéil Chat
T

rat ot 1 ol Pl FabicnE B RRHGT seobulek ot Gonp it B melifet BV BH6HE OF the

nal ogena k4 CAGLALN A APk Iﬂ,rgwl b G SR BSE B AL L e, pr ocessi ng

in a cluster too echa
I I d t I
oxpoSur & ?%%fé?aa?@?ﬂ s&?*%%cuu B §HE7 e %t%ere%?gﬁ%%?éw? %I%IE % et

aseous Al ternativ however,
Som oon g BERE Ay hepblfor] ﬁ%ﬁ%‘lﬁ%{?lémsanmsse%ﬁsﬁiﬂsa? FBHS e o ey to
E’BSE?E%?%%%@%&%&% B iR bHa shERa T tfnﬂeﬁrg”&ﬁes é’p«%ﬁﬁ%&w&'@»é&t@r o,
chem cal cenment reactions than QF@US treatnents, for r aded

or ganosi o (P 8“ I’%vv?plﬁond%ffn&ﬁyrgier&amcan A thg reaction qhamber "ﬂle’fe cheni cal

arts wll rolggSSls\AI/%hemGIaat suppl yi ng heat or. ener gy to an

1

[0038]  In summary, a process according to the present invention operates using more -

" efficient chemical replacement reactions to restore the dielecfric properties oI‘ organosilicate
low-k dielecn-ic'material that have been degraded by previous semicondustor fabrication
processing steps Such a treatment replaces the hydroxyl groups m the dcgraded dielectric
material with end groups of the form RIORz, wherein R, is a C;-Cs lower alkyl and R2 is elther
tnmethylsxlyl (Si(CHa)s) or a C;-Cs lower alkyl. As a result of the treatment, it appears that Si—
OH bonds in the damalg_ed dielectric material are replaced with Si—C bonds, and the hydrophobic

- 'property of the materjal is restored to prevent moisture uptake.

[6039] Although the present invcntion'anci its advantages have been described in detail, it
should be understood that various changes; substitutions and alteratmns can be made herein
without departing from the spirit and scope of the invention as defined by the appended claims.
Moreover, the scope of the present application is not mtended to be limited to the particular
embodiments of the process, machine, manufacture, composition of matter, means, methods and
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endot herm c reaction system can speed up the rate of the reaction. Energy
generators such as hot plates, mcrowave generators, and |ight em ssion
sources can be used to supply heat or energy to a chem cal reaction. Thus,
to further shorten the time required to performa process according to the
present invention, an energy generator can be placed in the reaction
chanber sthsrdescribed inespesfication. ply doe ofiedinatyQRABH tHerhriswilNieidily apprdeiabCess
according to the present invention operates using nore. efficient chem cal
r epl acenfng theedigiasan of the presait drventiohgprobiesdes; Giachitesp mamdidtire, Todpositions of
organosilicate lowk dielectric material that have been degraded by

pr evi ousmeter] means|udtiods, fonbiepss ptesently existing @f Biteh @ WeldepdopeBltbat parforireat ment ,

repl aces the hydroxyl groups in the degraded dielectric material wth end
groups ofubstastially the sRHE RDdctionhe meiieve Bubstagtidly@®e ShelredoR bs fhk kyrkespaiding? i s
either " trimethylsilyl (Si(CH3)3) or a C1 -C5 lower alkyl. As a result of

t he treatmirdiments desqribed harein mexty bSiutiliZHt alvoniiss to thel heestantgnch, Hebabigly,C
material are replaced with Si-C bonds, and the hydrophobic property of the
mat eri al theappeaehtdmia&mlsmupér&i@ﬁ&mﬂ@dd&hﬂﬁxﬁthﬂipb@b&such@f&&)se%h&]mh t he
present invention and its advantages have been described in detail, it
shoul d beaufatursfcongoditivais of Matted, heatk) aRegeds, or Sgist i t uti ons and al terations
can be made herein without departing fromthe spirit and scope of the -

i nvention as defined by the appended clains. Moreover, the scope of the
present application is not ‘intended to be linmted to the particul ar,

enbodi nents of the process, machi ne, manufacture, conposition of matter,
means, nethods and -12 steps described in the specification. As one of

ordi nary sk| |l |n the art will readily appreciate :
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fromthe disclosure of the present invention, processes, machines,

manuf acture, conpositions of nmatter, neans, nethods, or steps, presently
existing or later to be devel oped, that perform substantially the sane
function or achieve substantially the same result as the corresponding
enbodi nents described herein may be utilized according to the present

i nvention. Accordingly, the appended clains are intended to include wthin
thei r scopASIROL AMEGERses, machines, manufacture, conpositions of matter,
means, nethods, or steps. WHAT IS CLAIMED I'S: 1. A process for treating
organosi|icate dielectric material, conprising: exposing the material to a
hal ogenati on 4 Pagrshior treating enganpsitinate digleetrie material, eompaisiegt at i on reagent; and
exposing the material to a term nation reagent. 2. The process of claiml
wher ei n t he KEPSHEHermaterial oadulegenatonwsrgestbed from ' .the group consisting
of SOCl2, SOBr2, PCl3, PBr3, PCI$, PBrs, POC13, d,, and Br,. The process
of clai m1 wfEpsing theqaateriakip anelkylatipreragent and sel ected from the group
consisting of ethylene, propylene, 1 -butylene, and Gignard reagents. 4.
The process CFPINEithAmatesbion ipcminpsion magdnbat i on reagent is selected fromthe
group consisting of trinmethylchlorosilane, hexanethyldisilazane, arid

al kyl halides. 5. -The process of claim1l wherein the process otcurs in
situ with a priegamsssohéalimdr RRdsin 8 haRaGHatioH Ragehd it Stad dadthe BRAP i N the
dielectric material. 6.: The process of claim| further conprising using an

ener gy gesekuigdf SOCL,| HORSGIY,, PBE, PCLs, PB1s, POC, Cls, and Brs. : -

3. The process of claim 1 wherein the alkylation reagent is selected from the group

consisting of ethylene, propylene, l-hutylcné, and Grignard reagents.

4, The process of claim 1 wherein the termination reagent is selected from the group -

consisting of trimethylchlorosilane, hexamethyldisilazane, and alkyl halides.

5. -The process of claim 1 wherein the process occurs in sifu with a process that breaks at

Ieast one silicon-carbon bond in the dielectric material.

6.:  The process of claim 1 further comprising using an energy generator to increase the '_

reaction rate of the process.
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reaction rate of the process. -14 7. A process for fabricating an
insulating layer on an integrated circuit structure conprising: formng a
| ayer of organosilicate insulating dielectric nmaterial_ on the integrated
circuit structure; formng a resist mask on the |ayer of dielectric
material; etching the layer of dielectric material using the mask;

renovi ngy.t he i atife ROR b | ' teria a ..

hal ogenat i onﬁf@gﬁi{°@§§°f8§%| ng @%Ielé !}?eerlq)ggbﬁlﬁ%é %gaqée%?}lg ‘quc%)ur%%meﬂnﬁ%gati on
reagent; and so@¥ogi ks i G ri.al .t tergnati.on r.eagent. $.
The process ci;? clali ?nﬂgoﬁﬂgarng%ﬁ&?ﬁé&;@f' gtgﬁg??ﬂ'ﬁ'”r'g}éléﬁ?mﬁgg Esegl%g‘é'flgd from -
t he grougmetgRnsi sting of SOCI2s SOBr2, PCl13, PBr3, PCl5, PBr5 POC13, O 3,
and Br2. The process of claim?7 wherein the al kylation reagent is selected

fromthe gr O%‘“mﬁ&m&ﬁ‘hﬁaﬁ’ﬂﬁ??ﬁ%ﬁﬁ 5%%5%6’ 1 butylene, and Gignard

reagents. 10. The process erern e termnation reagent is
sel ected fromdhiAe sRIARP o SANSE St Y hyl chl orosi | ane,
hexanet hyl di sicl agane@éa%dﬁaﬁcwt%gﬁ%negs@é%g The process of claim?7

wherein the &&%?%Ithé)lf sikdigagphot oresi st mask and.the exposure to the
reagents are per rrreg I'n"a’conmon chanber. 12. The process of claim1l

further comprelsishig itk n SRR B 9RRELAL feadel; ! N ChaMDET tO

exposing the dielectric material to an alkylation reagent; and

exposing the dielectric material to a termination feagent.

8. The process of claim 7 wherein the halo'genation 1eagent is selected from the group

- cdnsistin'g of SQCIz, SOBl'z, PClg; PBI‘3, PCIs,. PBI's, POC[3, C].g, and BI'z.

9. . The process of claim 7 wherein the alkylation reagent is s_élécted from the group

consisting of ethylene, propylene, 1-butylene, and Grignard reagents:

'1 0. . The_: process of claim 7 wherein the termination reagent is selected from the group

coﬁsisting of trimethylchlorosilane, hexamethyldisilazane, and alky] halides. .

11.  The process of claim 7 wherein the removal of the photoresfét mask and the ex‘pos'ure to

the reagents are performed in a common cha.mber.

12. The process of claim 11 further comprising using an energy generator in the chamber to

increase the reaction rate of the process.
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increase the reaction rate of the process. 45 13. A sem conductor devi ce,
conprising a nethylsilsesqui oxane dielectric where at | east one of the

met hyl groups has been replaced by end groups of the form RIOR2, wherein R
is selected fromthe group consisting of Cr-C5 |ower alkyls and R2 is

sel ected fromthe group consisting of trimethylsilyl and C-C5 | ower .
al kyl s. 1. A pandeanductéraievips, sempririperiametydsls¢squiokane digkentis whiersat lsasioat ect ri c
materi al whose dielectric properties have been degraded by a previous
processi Athe methyl semp hisdiepmyreplosaddyiend stohes affedeinuRiQRo, wheih Bgisselettod
reagent; ‘exposing the material to an al kyl ation reagent; and exposing the
mat er i al frew e greypropgistingof €eGglomer alkyls and R; is selected from the group consisting of

trimethylsilyl and C;-Cs lower alkyls.

14. A process for treating damaged low-k organosilicate dielectric material whésé dielectric
properties hav-e been degraded by a previous processing St'ep, corprising: |
exposing the material fo a halogenaﬁoﬁ reagent;
exﬁosing the m;terial to an alkylation reagent; and

exposing the maferial to a termination reagent.
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