1 I'NTEGRATED CI RCU T DI ELECTRI C AND METHOD BACKGROUND OF THEIﬁFﬁ@WﬁQ?,}he
Jdnvention relates to el ectron sem conductordevi ces, and, nore ticulrarly
to dielectric structures and fabrication methods for such strud ﬁ%e@%@{he
performance of. high density integrated circuits is dom nated by netal

I nterconnect level RC tine delays due to the resistivity of the netal |ines
and the capacitive coupling between adjdcent |ines. The capacitive cooling-
can be reduced by decreasing the relative permttivity (dielectric.
constant, k) of the dielectric (insulator) between adjacent |ines. Various
dielectric materials have been suggested for use in silicon integrated
circuits; nanely, silicaon dioxide (k about 4.0), fluorinated silicon

di oxi de (k about 3.0-4. QYTEGRATEDCIRQLHT IDIELECTRIC ANDIMEYHOIMe, paryl ene,
anor phaus teflon (k about .1.9-3.9), ‘and perous dielectrics such as silicon
di oxi de xerogels. (k. dependent upon pore size and typically 1.3-3.0). The
porosity.can be up t.o 99% by volume. See Snmith et al; Preparation of

Low Density NPy AR A e for Low k Dielectrics, 381 - ° |
Mat . Res. Soc.%@n%ggpwog_gl E 1B%WT| n fi-l msilica xerogel s for |ntegrated
circuit diel ectr Tbeirentomalates lapledtranicisanyicondictns derices ardpaoss pardipulardy;
precursor pr, fi e s ' j Ty M gTe N 3G R +280l vent - exchange,
and (5) dryitﬁg?m %g&%%&égggdgﬁ‘ %qd}ﬁgﬂg@%goﬁghggﬁﬁr%rg&as fol:l ows: "
Hydrol yze an al kdke@erformancesi hightdensity intepinated clretdists dominatastbyematatol . Then

condenee, | ShbokfeliAR Htrat SRR ndiaRigErsa bR Bl e
conveni ent \dapacitive goupling between adjacent lines. The capacitive cooling can be reduced by

decreasing the rolative pemittivity (dielectric constant, k) of the dielectric (insulator)
between adjacent fines. - -

Various dielectric materials have been suggested for use in'silicon integrated
circuits; namely, silicon dioxide (k about 4;0). fluorinated silicon dioxide (k about '
3.0-4.0), organic materials such as polyimide, parylene, amorphous teflon (k about
1.9-3.9), and porous dielectrics such as silicon dioxide xerogels (k dependent upon pore
size and typically 1.3-3.0). The porosity can be up to 99% by volume. See Smith et al,
Preparation of Low-Density Xerogel at Ambient Pressure for Low k Dielectrics,

381 Mat.Res.Soc.Symp.Proc. 261 (1995).

Thin film silica xerogels for integrated circuit dielectric use can be fabricated by
the generic steps of (1) precursor preparation, (2) spin coating, (3) aging, (4) solvent
exchange, and (5) drying. The acid-base sol-gel reactions could be as follows:

Hydrolyze an alkoxide in a solvent:

EtO OEt HO OH
\ \ /
Si + 4H20 — Si + 4EtOH
[\ [\

EtO Ot HO OH



Tbe- sol vent exchange repl aces the original solvent residing wthin the
pores of gel by | ow surface-tension solvent to reduce the capillary
pressure during drying and .mnimzing the col lapse of the pores. USP. .
5,561, 318 discloses variations of the process. However, silica xerogels
have not yet becone manufacturable. SUMVARY OF THE INVENTICN The present - .
i nvention provides silica xerogel dielecric with enhanced surface adhesi on
by plasma activation, ion beamshell formation, or open surface pore :

filling deposhé soRe@ ! beé(\bthanéleduc' ng at rmsphere sintering to | ower
di el ectric constant ang I ncar porated as a-nultilevel integrated circuif

dielectric. This mmea@a/wd)dg@by@vIMdkdeab| e interl evel
dielectrics incorporating xerogel to | ower .dielectric.constant. BRI EF
DESCRI PTI ON OF THE DRAW NGS The-draw ngs are heuristic for cl ari ty. Figures
la-g are cross secti dall Hevation vi ewO.of .a preferred-embodi ment
integrated circuit\fAbri cat\ oh nethod. stéps/ Figures 2a-b.illustrate in .
cross sectional el diatién viSbws=anot h&i pSef er HAO eénbodi ment . Fi gur es 3a-f
show i n cross sectiohal . el ekalion vi s\ & further preferred enbodi ment.
Figures 4a-c are. cross sectional elevation views of ‘another preferred

enbodi ment. Figure 5 shows open pore filling adhesi on. Fi gure 6 illustrates

hard shel f ur e a b-sh in c S se onal e evation views of steps
of a furth erﬁug @ ibegon {rol?ed 50, u%af spin ooat!ng occurs after partial p

condensatlon toa convenlent wscosity , .
' . The-selvent exchange replaces the original solvent res:cﬁng within the pores of
' gei by Iow-surface-tens_lon solvent t_o reduce the capillary pressure dun_ng dryingand
minimizing the colfapse.of the pores. USP 5,561,318 discloses variations of the
process. ' '
However, silica xerogels have not yet become manufacturable.

SUMMARY OF THE INVENTION

The present invention provides silica xerogel dielectric with enhanced surface
adhesion by plasma activation, ion beam shell formation, or open surface pore filling
deposition and/or with reducing atmosphere sintering to lower dielectric constant and
incorporated as a multilevel integrated circuit dielectric.

This has the advantages of manufacturable interleve! dielectrics incorporating
xerogel to lower dielectric constant. |

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings are heuristic for clarity.

Figures 1a-g are cross sectional elevation views of a preferred embodiment
integrated circuit fabrication method steps.

Figures 2a-b illustrate in cross sectional elevation views another preferred
embodiment.

Figures 3a-f show in cross sectional elevation views a further preferred
embodiment.



Figures 8a-e illustrate in cross sectional and. plan views preferred

enbodi nent | ayout structures. - 4 DESCRI PTI ON OF THE PREFERRED

EMBCDI MENTS Overview The preferred. enbodi ments enhance x|l erogel .properties
and use such enhanced xer-ogel as a ndj or conponent of interlevel -
dielectrics in nmultilevel Interconnect integrated circuits. Hydrophobic
xerogel s typically-provide poar surface adhesion due to the linited -contact:-
surface area of the open pores at the surface plus t he hydrophoblc surface

nature The xerog [ ﬁe}ag %ﬁg‘ .surface..
coating with a gg:pé‘ﬁ?f?%gcfﬁrr%?éé% V&]@E% eres B{ﬁﬁfm?l I ng o t he open
.surface porembodiment.surface activation by exposure to a- hydrogen ‘pl asma or
other chemical a ( ous shell formation by top :
surface | ayer col'l Q@éﬁ%%@@ggﬁgﬁrﬁ@%éﬁ sma i on bonbardnent. Further,
dry the xerogel ﬁqgmmllmmmrdrsheu(eg , 450 C) In a reducing at rmsphere

[t 87 at e cf £ cuNTOapRTLAEIY thespessanon plegalin oS olaet BT Kiies <1'Gc

fill types ﬂefgfmdgmmgnate xéerogel . Gapfill et chback preferred”
embodi ment gur

e i'l.Justrate in cross-.sectiongl eleya he
steps of’ pr ef errfdg‘gﬁﬁgélwﬁﬁmﬁﬁ‘r‘? eﬁﬁﬁﬁoﬂ@@ﬁa@@mﬂ?w Hf%‘?ﬂ%(f%@geﬁ?‘mﬁﬂi ,
(e.qg., o@lmesasfol-loms (1) Start with. a-silican wafer (or
S|I|con on |n ulator wafer) w thshallow trench isolation and tw n wells
for CMOS devices {optionally, plus memory cell array wells and’ bipol ar
devi ce buried | ayer s) Perfor m t hr eshol d -adj ust nent i npl ants* (‘whi ch may
differ . _ T



for cell transistors and various peripheral transistors), and formgate
dielectric. Deposit tungsten sificide coated polysilicon gate material and
a silicon dioxide |ayer, then pattern the layers to form oxi de-topped gates
plus gate level interconnects. The gate material could also provide a -
polysilicon-emtter for bipolar devices which would also require a.prior
base inplant. See Figure la whi €h.shows 4ilicon substrate 102 with shal | ow

trench isol ation oxide 104 plus gates 110 .and gate level interconnect 112.

Gates 110 m | ong- (Flgure la. is-a
Ccross. secti oﬂaﬁﬁﬁﬁmggﬁg&w&%@@@%% |y have wi dt.hs nuch:
greater than their lengths). An alternative woul d-be .formation-of B
pol ysilicon gates_fol|l owed by a self-aligned silicidation (after.the

source/ drai.n and 2 1. dielectric formation of the nexd step) to create
a silicide on bOt‘l'héélﬁfe%H%nim st %H{eﬁ’ﬁ{ béﬂp@&:es anddb: suBﬁ’fehﬁéﬁEed
| i ghtl ydoped draln'rrplants rmS| drel-ectric on. :

gates by dept¥rgelas amaior S?FF‘E%Q% Ef ‘S‘t@iet!ﬁil diglectries Wﬁ'@&%‘ﬂ%ﬁf@“ﬂ@cﬁ or m
sour ces, and ﬂ{@@gd%&ﬁs@ver the gate level structure with a '
pl anari zed. di el‘ectric layer 120 ('such as BPSG of .a stack of conformal and

pl anari zed .| ayer $iydrephablxaregels Bpisally Q@Mﬁd@pé&lmhﬁi@ﬁ dyle ta thesoited | oh' |
from TECS) ;  SfRadfisdHAS 4f2a of e 6;62-!% Jﬁrf.% SRS Yifacd Cﬁlpf fHa lﬁ@&;ﬂ\%ﬁ& dRERLY cell

array using one-transistor- one- Mernor y nes and-
cel | capacl tfdﬁtgremmmfm msm@ﬂem&yim eﬂhame@irstbcde wamo@) surfaceatoating

120w 11§ uotitha Sep g hatgel did e N hid fiE 8P Silacletos @F 11 © -

Photol i t hograpfacea!ctnpatomhyreecpesMaM alhytimoges plasmatarottssr chbm)al agerptls,amd fuz)ed ,

evel i nt or conh ey upls SFEERa WIOE iR Rva AR HRARH BB ' ©

enbedded nenplasma idsl lamkhardmepb5| t (including filling vias) a net aI__st ack
such as 50 nm of N nm of or Al i . and
Si), and 50 nm ofFUW‘RF%%@e??@m Hﬁggmﬁ“pﬁrﬂu}!gs (e.gf, M%ﬂ?ﬁa%&&lz%l
atmosphere (e.g., forming gas orhydrogen) to achieve low dielectric constant. '
The integrated circuit multitevel dielectric of gapfill, damascene, and slot fill types
all may incorporate xerogel. '

Gapfill etchback preferred embodiment

Figures 1a-g illustrate in cross sectional elevation views the steps of preferred
embodiment fabrication methods for integrated circuit (e.g., CMOS or BiCMOS) as
follows.

(1) Start with a slficon wafer (or silicon on insulator wafer) with shallow trench
isolation and twin wells for CMOS devices (optionally, plus memory cell arrdy wells and
bipolar device buried layers). Perform threshold adjustment implants {which may differ
for cell transistors and various peripheral transistors), and form gate dielectric. Deposit
tungsten silicide coated polysilicon gate material and a silicon dioxide layer, then pattern
the layers to form oxide-topped gates plus gate level interconnects. The gate material
could also provide a polysilicon emitter for bipolar devices which would also require a
prior base implant. See Figure 1a which shows silicon substrate 102 with shallow
trench isolation oxide 104 plus gates 110 and gate level interconnect 112. Gates 110



forma diffusion barrier and the top TiN fornms an antirefletive coating for
l-i t hography. Prior to the Wor Al deposition the bottom Ti may be reacted
with the. source/drain to forma silicide to stabilize:the netal-to-silicon
contact. The Ti and Ti N may be deposited by physical vapor deposition (PVD)
or chenical vapor deposition (CVD) (e.g., TiCl4 + NH3 -e TiN + HO); -the
al um num may be deposited by PCD and themyforced into the vias under- high
pressure or by CVD;, and Wrray be deposited by CVD. Alternatively, thé vias

be fill gaa\@gb t
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nm t hi ckocon 53’3I %ltﬁi fﬁ&nects 130 ‘pt us- exposed ,
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ozone, Uner 140 p@ésﬁeréqr@dtghﬂpdom@ra@mmmaadlmanfevemdewau ﬂhmtlamo@the

oev e e 5ieEpafin S anbeline e, R Sobstelom! duflind
| nt er connect dtaing hidrCoverdies giteddvebstruoture avith.a [fibharizedididlecttic layet lm(such -
TR Lo kP 8 ot ST g PoBale SARLRS e et v
li ner mat éri akidessich h Bs avdepysitidn from(TEOS)psee Eigate 1b.ner 140. with. a sol ution .
O Xer 0ge] P eCU! ATl el R BR st R R0 B 6 SR ¢
added NH40H oaé@hpmmor iiiu;'nory eelizs: th‘e}b«tﬁiﬁeé aivd ealidapadtaemayibarfodnédneaitn &ort he
DL Anar L O et e e el Do A lonb R BB,
t he dielectric 120 will just be considered part of dielectric 120.
(4) Photolithographically define and etch holes (contacts, vias) in planarized
dielectric 120 down to selected source/drains 114 and locations on gaté level
s interconnects 112 (and also to selected bitline locations for embedded memory)..
Blanket deposit (including filling vias) a metal stack such as 50 nm of Ti, 50 nm of TiN,
500 nm of W or Al (doped with Cu and Si), and 50 nm of TiN; the bottom Tiand TiN
form a diffusion barrier and the top TiN forms an antirefietive c.dating for lithography.
Prior to the W or Al deposition the bottom Ti may be reacted with the source/drain to
form a silicide to stabilize the metal-to-silicon contact. The Ti and TiN may be deposited
by physical vapor deposition (PVD) or chemical vapor deposition (CVD) (e.g., TiCl4 +
NH3 — TiN + HCI); the aluminum may be déposited by PCD and then forced into the
vias under high pressure or by CVD; and W may be deposited by CVD. Alternatively,
the vias may be filled with W by a CVD blanket deposition followed by an etchback to
leave W only in the vias ( W plug), and then blanket Ti, TiN, Al, and TiN depositions.
(5) Photolithographically define and etch the first level metal to form first level
interconnects 130; see Figure 1c. The gaps between adjacent interconnects 130 may
be on the order of 200-300 nm, and these minimal gaps dominate the capacitive
couplings.



i nterconnects 130 by roughly 100 nm fill the m ninmal gaps, and be roughly
300 nmthick in open areas between interconnects. About 3 ml of precursor
on an 8 inch wafer. suffices; see Figure I-d. (8) Age.the coated .precursor
solution at roomteriperature in an NH40H at nosphere for 1-20 ninut.es.

Al ternatively, decrease the reaction tine by heating to 1200 C for 1-4

m nutes. During thi$. aging the condensatign reaction ylelds a porous

pol ymer network mnth sol vent plus water (condensatien reaction .product).
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robl ens wever , ysis plus condensation produces

netal corrosio
only a.smal | bﬁMeTh%?pMWPQ éf‘%mﬁy betth'@h enough to cover the tops of the
interconnects 130 by roughly 100 nm, fill the minimal gaps, , and be roughly 300 nm thick

in open areas between interconnects. About.3 mi of precursor oni an 8 ineh wafer
suffices; see Figure 1d.

(8) Age the coated precursor solution at room temperature inan NH4OH
atmosphere for 1-20 minutes. Alternatively, decrease the reaction time by heating to
120° C for 1-4 minutes. During this aging the condensation reaction yields a porous
polymer network with solvent plus water (condensation reaction preduct) in the po_ree;
that is, a gel. The ethanol will rapidly evaporate but the ethylene glycol has lower vapor
pressure along with a high surface tension.

(9) Replace the solvent in the polymer network pores (primarily ethylene glycol)
with ethanol or some other low surface tension liquid by continuous spin coating with
ethanol. Without this replacement the high surface tension of the original solvent may
{partially) collapse the polymer network during solvent evaporation due to surface
tension within the drying pores. However, if the polymer network is strong enough to
withstand the surface tension, then this step could be omitted.

(10) Spin a source of hydrophobic groups, such as hexamethyldisilizane
(HMDS), onto the gel to convert any remaining hydroxy! groups on the polymer network
to hydrophobic groups, such as trimethylsily! groups. The reaction could be of the type:



this.stepculd be omtted. (11). Rinse the wafer with a | ow surface-tension
l-i qui d such as hexane. |If the polynmer network of the gel is strong enough,
then this solvent exchange may be omitted. Evaporate the majority of

t hehexane by heating the wafer to 300-3500 C for about 60 seconds. to dry.
the gel and t her eby form a xerogel which consists of the pol ymer network
with vapors/air. In the.pores. The xerogelymy be-50- '90% pores and 10- 50%.
pol ymer network by volume wth the pores having an average di ametér- on. the -
order of 10-20 nm (12) Further dry the hydfophobic xerogel in a reduci ng
at mosphere of formng gas. (95% N2 -+ 5% H2) at -425[err] .C for 30 mi nutes.
The drying drives=8i0H #{@H3)aSiNHHSHOHIY -}I@H@SQGHB)%N*B The.Dryi ng
section bel ow describes alternative-drying environnents. Note that the-
xerogel in the gaps between intercorinects is constrained-by-the’ surroundi ng

surfaces and TypRamn; ﬂ’i‘élé\yé?&l l":Wr Slbltléldohdér%ah@@ﬁeacﬁémmtﬂreﬁs wéagh@ 70%fuftieas -
t he overlylng xero mays wnvmtho g nst .t ai nt LhS
rel ative' por@hﬂﬂlﬁ! t??"f’ﬁé’ B‘Qp Vﬂ@xﬁﬂﬁﬁe‘f‘ s(?'ig]li'ﬁﬁ%m?“@lr@t 8o gg\ee
vol une “above eiﬂlﬁcyé«ﬂé&fﬁ&ﬂ@%sﬁﬁlm@dalédwmﬁdse f bblc amsumnnbe
’ P

142 about 10 ?mﬁaﬁésh'gg 31“%@% fnotBons Theeleppidr vl elnadebso,

142 about 10@l 8

see Fi gure | gignEh Biefdchithatnitaiiyarifediso poldntiar rhé!@f &ﬁﬁ%ﬁbnrﬂréﬁ%s ﬁvv%ver. if:

et chback to cl'ear the xero fromthe to s-of :the jnterconnects: 130 has - :
t he advant agé\yﬁmstsla/mlu% enﬁ@txqmd;mdm@@ yoasmall aymbeiRidydroml groues. thefve to
be etched (yf% B g@P so l-at'eral - etchi ng control - n‘ay be sei npe :

and out gassng or% €-Xero I nto etched vags Wil |- not be a -problem (14)

Spi n on 200- 300 nmﬁvlamagﬁletwafekw&g lowspurtacestansion ligujd segieas hexane. If the -
polymer network of the gel is strong enough, then this solvent exchange may be
omitted. Evaporate the majority of the hexane by heating the wafer to 300-350° C for
about 60 seconds.to dry the gel and thereby fofm a xeroge(.wl'iich consists of the
polymer network with vapors/air in the pores. The'xerogel'ma'y be 50-90% pores and
10-50% polymer network by volume with the pores having an average diameter on the
order of 10-20 nm. ' '

(12) Further dry the hydrophobic xerogel in a reducing atmosphere of forming
gas (95% N2 + 5% H2) at 425° C for 30 minutes. The drying drives residual liquid out
of the xerogel pores. The Drying section below describes altemative drying
environments. _

Note that the xerogel in the gaps between interconnects is constrained by the
surrounding surfaces and cannot shrink (without pulling loose from a surface), ‘whereas
the overlying xerogel may shrink down without constraint. Thus the relative pore
volume in the gaps may be higher than the relative pore volume above the
interconnects, and thus the dielectric constant may be lower in the gaps than above the
interconnects.

(13) Etchback the xerogel! 142 about 100 nm to expose the liner on the tops of
the interconnects 130; see Figure 1e. The etchback may be by a fluorine-based
plasma. This etchback to clear the xerogel from the tops of the interconnects 130 has
the advantage that vias in the next level of interconnects will not have to be etched



si |l sesqul oxane (HSQ and cure it at 400[err] C. HSQ | ayer 144 adheres to
underlying. xerogel 142 (probably by filling open pores at the surface) and
provi des a good surface for subsequent deposition of afthik cappng . .
dilectric;  see Figure le. Wthout. HSQ adhesion |ayer. 144, the hydr.ophobic
surface of xerogel 142 woul d provi de poor adhesion for oxide deposited by:
pl asma-'enhanced’. - TEOS deconposi t.i on. ThesAdhesipn sect |l ons bel ow descrl bes
further xerogel “surface adhesi on enhancenent preferred enbodi nents. (15)

Deposit a 1500 nmt hick, diel’'ectri.c 146 on the HIQ surface by.plas o .
enhanced decdoUah KPwRSkEo iRl aicking soplamay be sawie and odosrstafiotiane
di el ectric 14@ryMdintde@hedViaBRaildAdtited plBlenghi ng (CVWP) to provide for an.

Intermetal |evel>dielectric thickness of .about .1000 nm This conpletes the

first metal | evel (14}t 8pio onPH9:300 nm gvenagetiiekness layer 144 0f RydregaR repetition

edi at b1y ChEREiand (30PaNd BuliFatioBRe! HIQfefIEE RGOS GRIVER 0
ext end t hr ouglardgeb 142 (probably by fillisg bpers parps at theraurfage)andarovides & goad kudéce
vias and over] yi pg | ' (AR = Lo S B RPTY Iy ) T~ 1 haask, T 8A
pr ecedi ng pr§+%$(‘E’gﬁalé%88%ﬁn@fécﬁ&g%ﬁ%@%dgé%éﬁ%é%ﬁﬁuﬁgi 'epi “?'? gg“?g :
ex p](c)se tge .InLani_hesiom_ayep‘lM,. thﬁbydmpbmhi@ammk pawof xerogebtt2 weitld pravidenpdst chback
referred enbogi-nent onits,.this et chback step.and- SRi “the. a¢ i On,
Ioayer (e.g., 398&5'0 M‘I&@Pysiﬂe@3@8%%‘}'?@??&3\95‘5%@3;%’85%%{“&1:f‘@??ﬁdﬁg’gﬁﬁs
fol | ow precedieoiorst tsgow 0éscribbs Yurther kergpha\rizog atitesivrperitesicbmenlt prefaredstep
(13), and conti:nue wi-th step (14). See Figure 2a show ng - S
100- nm averagj’énqqqlfﬁﬁﬁﬁss_ adhesi on | ayer- 244 on as-deposited xerogel 242
wi th 700 nm thi ck(f8)apagéshac1shoehnaenick Gieleaiier1484m the HSG satdveyoplasmaer . As

e 0 e daporaaabon s el aaon I ko 1 AR B A5 148,
E) ]9 i nt er connegifrschbatical W&aﬁbﬁlpdlibﬁlng (emve) t‘(hpt@@ihé f@@ﬁn@%@@%v@@iﬂé@ﬁ@o nm
thickness of about 1000 nm. This completes the first metal level interconnects; and
further levels result from repetition steps (4)-(15) where the vias in the planarized
dielectric extend down to immediately undetlying interconnects. Note that a via may
effectively extend through two or more levels by simply forming a vertical stack of vias
and overlying small metal patches.. ‘

Gapfilt without etchback

The 'preceding preferred embodiment etched back the xerogel in step (13) to
expose the liner on top of the interconnects. In contrast, the nonetchback preferred -
embodiment omits this etchback step and sbins on the adhesion layer (e.g., HSQ)
immediately after completion of the xerogel drying. Thus follow preceding -
steps (1)-(12), corresponding to Figures 1a-d, skip step (13), and continue with
step (14). See Figure 2a showing 100-nm-average-thickness adhesion layer 244 on
as-deposited xerogel 242 with 700 nm thick planarized dielectric layer 246 on the
adhesion layer.

As in preceding preferred embodiment step (15), next define and etch vias
through dielectric 246, adhesion layer 244, xerogel 242, and liner 140 down to
interconnects 130. Note that the via etch only goes through about 100 nm of



9 xeroget 242. Experinentally, the exposed xerogel appears not to

contam nate the via bottom and TIN or TI/TIN barrier of interconnect 260
nmakes a good interface with xerogel 242:" O course, nost of the via
sidewal | is oxide 246, so even poor adhesi-on to xerogel. 242-by the barrier
| ayer does not-present a problem Interconnects 260 .are patterned, |iner-
270 dep05|ted second | evel xerogel 272 foened, ‘HSQ adhesion | ayer 274 spun
on, 'and cappi ng oxide.276 dep05|ted |n the sane nanner as the: :

correspondl n f E@@,@l nt
previ ously diﬁﬁ?ﬁggﬁ &&iﬂ%ﬂ&‘f?& %&88%!%@@”&%56@&3%(% ‘ﬁ@
further pref cigtiech, ant ai{ peTVTIN msemnmgebnmee@makesamoaddaede@aaw@ :
approach as illus zéed in Firgures 3a-f." In particular, begi.n wi'th steps
(1)-(4) of tH@B%%? preferred enmbodi-ments’ (Fiigures Ia b), and in.pl ace

of step (5) (pattﬂf%umt hostWﬂbMi i$ oxifio 246, iSoesvish poor- bdfvasion to-
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pol ysi |l i con outsi de he vias.. After via fill, spin-on xerogel precursor

sol ution (pl Lﬂes@ﬁ?%ﬂf??ﬁgwﬁgeessar y) .and process as i-n preceding gapfill
preferred enmbodi nent_steps (7)-(12) to form 700 nmthick xerogel  |ayer 342.
Next, photolithographi’ cal I y define the | ocati ons of interconnects and .etch
trenches 341 in. t L2Amas refered embeglienttri ¢ 120 or plugs 330 at these

| ocations: see Fi gyfinabp rem@d@meﬁt%eg 0Bl ABBEIEH 808 asbaREHRBaF

about 200-300 nm 'so the free-st xer.ogel “stri ps have an aspect

rati o of rouces jlusirated in Figures 8adh |fhﬂ§“ @darahegm ndthstensi (é)‘f4)t%¥h%ﬁaﬂf@s ed
plasma etch, ﬁéfé?re%lsen%uﬁetﬁ?'(_ﬁigﬁrege( a*b)Aénd in place of step (5) (patterning the blanket

metal to form the first level interconnects) etchback the blanket metal to leave metal
only in the vias; see Figure 3a showing metal pl_ugs 330 in the vias. The metal etchback
may be, for example, by (isotropic) plasma etch {endpoint by loading drop) or by GMP.
Alteratively, fill the vias by the same approach using doped polysilicon rather than
metal: a blanket deposition of in situ doped polysilicon which fills the vias followed by an
etchback to remove the polysilicon outside of the vias.

After via fill, spin on xerogel precursor solution (plus catalyst if necessary) and
process as in preceding gapfill preferred embodiment steps (7)-(12) to form 700 nm

thick xerogel layer 342.

Next, photolithographically define the locations of interconnects an(_i- etch
trenches 341 in the xerogel down to dielectric 120 or plugs 330 at these locations; see
Figure 8b. The minimal spacing between adjacent trenches is about 200-300 nm, so
the free-standing xerogel strips 343 have an aspect ratio of roughly 3 to 1. The etch
may be an anisotropic fluorine-based plasma etch, such as CF4 + CHF3 + He + Ar.
Because the xerogel has high porosity, it etches much faster than oxide, so an overetch
will not remove much of underlying dielectric 120 even if dielectric 120 is oxide.



Because the xerogel has high porosity, it etches nuch faster than oxide, so
an overetch will not renove nuch of underlying dielectric 120 even if
dielectric 120 is oxide. . 10: Altematively, dielectric 120 could have a
nitride upper porton to provde a nore selective etchstop for the xerogel
trench etch. Bl anket deposit20-50 nmthick TIN conformal barrier |ayer 350
by PVD or.CVD." Other barrier materials ipglude TaN.- Ta2N, VN and Ti Si N
(whi ch can-be. forned by, silane treatnent of anorphous TIN). The - -

hydr ophobi C ‘a6 frafifalialEae $20 B RBe 8 Ritidl Gified Bofiehitd prridadiresé on f or

the barrierl ayer,.'so” activate the.xerogei surface by renoving the -
hydr ophobi c selenive efchsiep far the:xerggel ¥gaeh.eht ai ni ng pl asis.. The adhesion:
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to formthe gphs telraGediMBthlatnindtianiver (TOMAT). 350 nmay- al sa-be a CVP pol i sh

stop; in this casg The parrier st Qe etched of f after the polishing. -This
o oot b Bk dsSheite, QD SV S 0k 3ol 562 B b
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with oxygen &PVEsshremainder ﬁ%‘@fﬁé BHEHC. 'evel i nterconnect

Remove the portion of copper 352 outside of the interconnects by CMP; the CMP
also planarizes any bumpliness in the p_iatéd copper. Alternatively, use a halogen
plasma etch of copper, but these etches typically have fairly low etch rates because, for
example, copper chioride tends to polymerize. CuCl can be removed with a strong
Lewis acid such as triethylphosphine which reacts to form the gas CICu(PEt3)2. Barrier
jayer 350 may also be a CMP pbtish stop; in this case the barrier must be etched off
after the polishing. This CMP (or etching) leaves copper only as interconnect 352.

After the copper polishing, deposit 700 nm thick dielectric layer 360; see
Figure 3d. The dielectric may be oxide and deposited by plasma-enhanced TEOS
decomposition with oxygen or ozone. This completes the first level interconnect
(analogous to Figure 1f), and repetition of the foregoing steps (via etch and fill, xerogel
deposition, trench etch, trench fill, and dielectric deposition) provides further
interconnect levels.

An alternative structure for more protection of the xerogel from CMP damage
includes forming a 100 nm thick oxide layer 346 (on adhesion layer 344) on xerogel 342
surface prior to interconnect trench etch. In this case the trenches are etched through
both the oxide (plus adhesion layer) and the xerogel; see Figure 3e. Then foliow the
previously-described steps: barrier deposition, copper electroplating, and CMP to



(anal ogous to Figure 1f), and repetition of the foregoing steps (via etch
and fill, xerogel deposition, trench etch, trench fill, and dielectric
deposition) provides further interconnect levels. An alternative structure
for nore protection of the xerogel from.CVMP damage includes fornming a 100
nmthick oxide |ayer 346 (on-adhesi.on | ayer 344) on xerogel 342 surface
prior to interconnect:- trench etch. In this case the treéenches:are etched

t hrough both the oxi de -(-pl us -adhesi on | ayer) and .the xerogel; see Figure
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adhesi on | ayer. plus deposi t'ed oxi.de. -Further |evels of. I nterconnects can be
made by repeaqu g‘tqqr@“@eps of “etch vi as in the di el ectrl c on the xerogel
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embodi ment A sde(eWﬁierea&a‘e%fsr:a%fet % éttn‘%etQ?‘ fistOHorpiste

i nterconnects, etches trenches ni rra y spaced T nterconnects, and .
then fills tHetermeetasandd@qsémgévmwe&ctm n on and etchback. -In
particular, Figures_4a-c illustrate this approach, Figure 4a shows trenches

441 which have been etched in pI anarl zed oxide 440 and - ‘between mninally -
spaced adj acent i ; - ] end nt erconnects 430 may be 700 nm

hi gh and 200 nm WI n _ §§T“ I By

xer ogel precursor S@pﬂ%&f%ﬁﬁ\%ﬁd%ﬁﬁ%@ﬁ dfz(%g FHBsm_g?] Siriigz BQ?

portions of dmmhesbétweandninmuyrspamd mterciomactsrm@bm ﬁﬂsjthertgembes witim
xerogel by a spm onand etchback. In particular, Figures 4a-¢ iltustrate this approach.
'Figure 4a shows trenches 441 which have been etched in plananzed oxide 440 and -

between mlmmaliy spaced adjacent interconnects 430. Again, mterco_nnects 430 may
be 700 nm high and 20b nm-wide with the minimal spacing of 200 nm.

Next, spm ona xerogel precursor solttion which fills trenches 441 plus the
horizontal portxons of oxide 440, and then react to form the gel and dry to form
xerogel 442. Etchback xerogel 442 (fluotine-based plasma) to remove all of the xerogel
outside of the trenches; see Figure 4b.

Deposit and planarize thick oxide 460 on oxide 440 and xerogel 442, the poor
adhesion to xerogel 442 isnota problem because of the large oxide 440 area. Etch
vias in oxide 460 down to interconnects 430, and deposit and pattern metal to form
interconnects 470; see Figure 4c. This approach only has xerogel in minimal gaps
between adjacent interconnects; of course, this is where the xerogel has the most effect
in loweting capacitive coupling.

Interconnects 430 could have a silicon nitride liner; this permtts selective oxide
etching the trenches in the minimal gaps between adjacent interconnects and leave the
-nitride liner to protect xerogel 442 from metal interconnects 430. However, such a liner
will increase the effective dielectric constant between the adjacent interconnects.



xer ogel 442. Etchback xerogel 442 (fluorine-based plasma) to renove all of
t he xerogel outside of the trenches; see Figure 4b. Deposit and planarize

t hi ck oxi de 460 on oxi de 440 and xerogel 442, the poor .adhesion to xerogel
442 is not a problem because of .the:'|large oxide 440 area. Etch vias in _
oxi de 460 down to interconnects 430, and deposit and pattern netal to form
i nterconnects 470; :see Figure 4c. This approach.-onl'y has xerogel in mninal
gaps between adjacent: interconnects; of Course; this is where the xerogel
has the nost effect in: towering cdpacitive coupling. Interconnects 430
could have a siligon ni; rlde liper; this permts-selective oxide etching
the trenches in t [ Fbetmeen -adj acent i nterconnects and: | eave
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contact ar eaincrease and mechanical interlocking are s:gmf cant. So a gapfilling matenal which
provides a gdod surface for subsequent thick dielectric deposition may be used as an
adhesion layer material. -

For plasma enhanced TEOS oxide (or fluorinated oxide) thick dielectric, the
following materials should sufficiently fill the open pores at the xerogel surface and
provide the adhesion fayer: HSQ, subatmosphetic ozone TEOS based CVD (SACVD),
methyl silsesquioxane, Flow Fill oxide (spin on silano! from silane in hydrogen peroxide
at a temperature of 0 C), and so forth.

Rather than apply a pore filling material such as HSQ 144 to xerogel 142 as in
previous preferred embodiments to provide adhesion for deposited dielectric, an
alternative preferred embodiment enhances the surface adhesion of xerogel by
activating the xerogel surface with a plasma of 10-90% hydrogen and remainder argon
for 1 minute with a pressure in the range of 0.1-5 '_rorr. The low energy plasma
hydrogen removes the surface methy! groups of the hydrophobic xerogel with a net
reaction such as:



I ncrease and nmechanical. interlocking are significant So a gapfilling

mat eri al which provides a good surface for subsequent thick dielectric
deposition may be used as an adhesion | ayer materi.al. For plasma enhanced.
TECS oxide (or fluorinated oxi-de) thick dielectric, the following materials

shoul d sufficiently fill the open pores at the xerogel sur.face and provide
the adhesion layer: HSQ ‘subat m)spherl C pgone "TECS based CVD (SACVD) _
met hyl "sil sesqw oxane,: Flow Fill .oxide (spi-n on silanol fromsilane in ..

hydr ogén . peroxi de at a terrpswgggyge,_gg O (%.H:;am?g@ forth. Surface

activation adhesi on Rather than apply a pore filling material ‘such as'HSQ
144 to xerogel 142 as in. preV|ous preferred enbodi ment's to provide adhesion
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good adhesin ﬁp both epos i q (fluorinated) oxides and:other' dlelectrls
such as orgaH arylenes Furt her, the -hydr ogen plasna

treat ment can be ‘mé mgm&a;vaté@ae@gaﬂs@l@a@‘a% ddyegavdainasion for deposmen

| asma- enhanc Q | t t rogen litt
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good adhesi ontéretnmsapeBiidtii@n of barrl ers such as TI N-arid Ta2N as used an

t he previously- descrl bed dar nascene Frconnect strycture.
lasma surface treatment wi based on other source gasses such as

NH3,02 . also activate the surface by reactions fike:
“Si(CH3)3 + NH3 ~» -Si(NH2)3 + CH4

-Si(CH3)3 + 02 —» -Si0 +CO02 + H20

Sutface shell adfiesion

An alternative xerogel s_uffaoe enhancement collapses a thin layer of the xerogel
at the surface to form a (elatively continuous éhell; thé shell provides a large contact
area for deposited layers. See Figure 6 illustrating the continuous surface of the shell
with collapsed pores near the surface. To form the shell, exposes the xerogel suﬁace
to ion beam bombardment. Typically, an ion implanter using an argon ion beam with a
dose of 10"/cm? and an ion energy of 20 keV; alternatively, an argon plasma could
provide the ion bombardment. The hard shell will be about 20-50 nm thick. The hard
shell provides good surface adhesion for plasma-enhanced deposited oxide.

In effect, if the average pore diameter were D, then the portion of the xerogel
within a distance of 2D of the surface would have a porosity (ratio of total pore volume
to total volume) of much less than half of the porosity away from the surface.



Pl asma surface treatnent with plasmas based on ot her source gasses such as
NH3, 02, also activate the surface by reactions like: -Si (CH3)3 + NH3
[err] S(NHZ)S + CH4 -Si(CH3)3 + 02 [err] -SiO + Q02 + H20 Surface shell
adhesion An al'ternative xerogel -surface enhancenent c¢ol | apses a thin |ayer
of the 'xerogel at ‘the surface to forma relatively continuous shell; the
shel | provides a large contact area for ggposited l-ayers. See Figure 6
illustrating the continuaus surface of the shell wi.th collapsed pores near
the surface. To fé)é' . shel |, exposes 't he. xerogel surface to i.on-beam
bombar dnent. Typi an ion inplanter using an argon ion beamw th a
dose of 10[err]/dﬁ@dmdgmﬁme(geleﬁer lrgfpré&rl‘ed\émb@blmrtﬁatep\/(d2y90dd1abogmn
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The reducing atmosphere could be at a pressure of 1 mTorr to 10 Torr and the
gasses could be H2 with an inert gas (N2, Ar, He, ...} in various proportions. Other

reducing gasses such as CH4, NHS, ... are possible.

 Viscosity

- Spin on dielectric solutions typically consist of two components: a dissolved solid
and a solvent. During the spin on process, most of the solvent evaporates leaving a
greater than 90% solids content film which is subsequently pblymerized during hot plate
or furnace bakes. The initial solids content must be relatively small {less than 30%) to
insure film thickness uniformity across the wafer and good gapfilt of high aspect ratio
features. This low solids content generally implies low viscosity and-poor planarization.

The preferred embodiment precursor solution as used in the preceding preferred
embodiments can be thought to have three components: a high vapor pressure solvent
(ethanol), a low vapor pressure solvent (a polynol such as ethylene glycol), and the
TEOS oligomers; the volume percentages are roughly 70% high vapor pressure solvent,
20% low vapor pressure solvent, and 10% oligomers. This three component system
permits two independent stages of the spin on process. First, just as in the case of
typical spin on dielectrics, the three component system can be adjusted to have low

enough viscosity to insure thickness uniformity and good gapfill. However, once the



tenperate, and thus a lower tenperature buit |onger drying may be required.
However, drying Wth the sane.conditions as used for other heat treatnents,
such as 430[err] C for 30 minutes.alumnumsintering in formng gas, woul d
be convenient. The- redUC|ng at nosphere. could be at a pressure of "1 niforr to
10 Torr and the gasses could be HZ with an inert gas (N2, Ar, He, ....) in
various proporti.ons. Ot her reduci ng gassas such as CH4, NH3, ... are
possi bl e. .Viscosity-Spin.ondielectric sol uti-ons typically.consist of t wo
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pl anai zat i on.théRiw E¥EHRY thred BEmpdrdnt 8Y/stemiplofd afBspiton at low speed with the
dotted line indicating the volume decrease when the high vapor pressure solvent
evaporates; and Figure 7b shows the subsequent profile after high speed spin for

planarization with the viscous liquid.

Dummy metal and slotted pads
The reduced mechanical strength of xerogel compared to dense oxides imposes

two potential problems at either stress concentration regions or regions with large
mechanical stresses. In particular, any variation in underlying metal topography over a
length scale greater than that of a few times the minimum metal pitch wilt resutt in
xefogel'thickness variations and Inltiation points for c_racking._ In addition, in-the highly
stressed bondpad regions of the chip, it would be preferab!e to minimize the thickness
of the xerogel atop the bondpad. The preferred embodiments solve both of these
problems with a combination of dummy metal in the open areas and slotted bondpads.
An additional advantage of this architecture is the nearly constant height of the xerogel
top surface with respect to the silicon surface. This greatly increases the process
margin of the CMP process.



at 1000 rpm and the-second spin after ethanol evaporation nmay be at- 5000
rpm Note .that the final xerogel filmprofile will be identical to the
liquified profile of the polynol/oligoner liquid after the final spin
process because the sol -get process forns a'cross-1inked network throughout
the entire liquid volunme. The two sol vent sol -gel process thus enables an
ef fective decoupling of filmthickness unéformty and gapfili from

pl anari zati-on: ‘The viscosity of the pdynol/oligonmer liquid can be adjusted
ei ther by appr opr Fjues 84Bishew i cio§s sastionaidieritiof fant pfan ie® xelohersah é@r t he
crosslinking,to proceed'befOTﬁhan%I h|ggsaﬁeed spi nning. Figures 7a-b
illustrates dMerqonpedts 83@-848; (hgpretenred, dMeAb _r@wegwwf%eaéﬁﬁy three
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With damascene structure interconnects, dummy. interconnects limit open areas
of .xeroge_l and add .mechan'ical strength and fh_errﬁa! conductivity to the xerogel
intercohnect layer; recall Figures 38b-d. Further, the intéz_'connects (electrically active
plus dummy) can provide a poiish stop for direct CMP without need for the oxide and
adhesion layers as in Figures 3e-f. The dummy interconnects also provide vertical
thermat conduits to avoid the limited thermal conductivity of the xerogel.

Léterally extended fnetal strudtures, such as bond pads, act like elevated open
areas for the spin on xerogel and thus have a thicker top layer. To further planarize the
spun on xerogel, preferred embodiment bond pads and other extended metal structures
are formed as a series of interconnected interconnect segment as illustrated in
Figure 8e.

Thin liner

The 50 nm oxide liner on the interconnects (see liner 140 in Figure 1d) could be
repiaced by other dielectric materials to lower effective dielectric constant. In particular,
any conformally depositable material which does not react with the interconnect metal
and to which xerogel will stick could be used. For example, parylene can be



Figures 8a-b show in cross sectional elevation and plan view xerogel 820
on' interconnects 810-812. The preferred enbodi nent interconnect structure
adds el ectrically unconnected |Interconnects 850-852" to fill in open areas
as between 810-811 and thereby planarize the xerogel as illustrated in
Figures 8c-d. Indeed, interconnects. 850-852 do not connect by vias to any
other. level interconnects and electricaldy float. Also, dummy
|nterconnects need not be of -the same width as electricall y active

i nt er connect éorﬁﬂﬁnd@)dé?:@siiéiﬂ?@ﬁl@i/ﬁﬁr éﬁ&%’l ahyt ﬁ%@b%é@uedt wdroge| wilirgtick tar y
geonetri-c patterns-wth-not | g“&)&, swllqs()é] ;{ggThe dunmy

i nter connect@aweb@u‘mteﬂﬁkﬂ gl P osest acti ve

i nterconnect and sti- fill w thout "si gni ficant surface sl op| ng. The

pl anari zed xerogel j rrpl i-es.only. a minimal amount of planarizatyi on. need by
used; in fact, usModifieatianSQ adhesion I'ayer will also sufficiently plaradze
to avoid OWP of the, BiLFEtod ARG B Y FOBRL inveliBls afs AR kNl the

i nt erconnects. anascene ruc bre | nterconnects, i nterconnects
linmt open afeiuresfof serangaadhasionyeducing amsmEresdry@gg@nﬂ @mmv idefpgnnects -

conductivity recal | Figures. 3b-d.

Furt her,. theﬁtﬁt@&géﬁﬁ{?@ﬁg&éﬁ%ﬁ{ W%{?Qégﬁl ve pl us.duimmy) can provide a
pol i sh st op for dFo:eexamawmekémgel maebe adwybiidherganicesilicar(teptanedhe eriginal er s
as in Figure e 154 OV I
conau st o Trreit BeRoe b M CHORRER SIOE08 viefy i b dRan 01
Lat eral | y* exisactdas Qabl4pthe dimansionsnaybeascated, bond pads,. act | i ke el evat.ed
open areas-for the spi'n-on xerogél and thus have a thicker top |ayer. To
further planatize the spun on.xerogel, preferred enbodi rent bond pads and
ot her extended -netal structures are _for med as a series of interconnected
i nterconnect segnent as illustrated in Figure 8e. Thin liner The 50 nm
oxide liner on the interconnects (see liner 140 in Figure-1d) could be
repl aced by other dielectric materials to |ower effective dielectric
constant.. In particular, any confornmally depositable material which does

not react with the interconnect netal and to which xerogel wll stick could
be used. For exanple, parylene can be



17 conf or nal | y deposited fromthe vapor phase, and the subsequent xerogel
will stick to paylene. Gther materials include fluorinated patytenes:

.(e.g., "AF4); Modifications The preferred enbodi nents can b

various.. ways. While retaining the features. of -surface adheﬁmmj Illlm“”@l“",
at mosphere dryi-ng, and dummy interconnects with three conponeénttsystem

two stage. spin- on. For exanple,. the xerb®el may be a hybrid organic-silica
(replace: the original TEOSw th ToNoOMer s - such as (EtO3Si-R Si{CEt)3 where R
is a carbon CIAIMSg group such as C6H4,), the dinenslons may be scal ed,

18 CLAI M5.-What is clained Is: * 1. A.dielectric structure, conprising:
(a) a first taer.of . porous dielectric; and: (b) a second dielectric

| ayer on sai Wmtsmamwddi;-ect ric; (c) vvherel n said.second dielectric |ayer
fills at least” 50% of ‘the-volume of the. open pores at the surface of said

porous dielectric layer. 2. © A dielectric. structure, conprising: (a) a -
porous- di el ectricql ayqxdle(d@)mstmb@f@ldamphgingurfaces of the pores of said-:

f’gi'e?%'d%! oy o e Reprss oSl er e or- 2l 0 ayar. o
(b)  a seoond dlelectric layér 'on sald porous de!ectnc,
{e)- | wherein sald secand dlelectnc layer fi ﬂs at least 50% of the volume of the
pen pores at the surface of sald porous dielectric layer.
2. A d_iéiéctrié_:. structure.' comprising:
(a) a-pqrqu_e dielectric layer; |
_ (b)  wherein the surfaces of the pores of _said dielectric layer are
(i) hydrophobic for pores away from a surface of said layer and (i) nonhydrophobic for
pores at said surface of-said layer.

3. A dielectric structure, comprising:

(d a Iayer of porous dielectric with an average pore diameter of D and with
the ratio of total pore volume to total layer volums of p;

(b)  wherein the portion of said layer within a distance 2D of a surface of said
layer has the ratie of total pore volume to total layer portion volume of less than p/2.

4. A method of porous.dielectric fabrication, cofn_prising the steps of:
(a) forming a xeroge! on a surface; and
(b) drying said xerogel in a reducing atmosphere.

5. A interconnect structure, comprising:

(a) a porous dielectric layer; and

(b) conductive lines imbedded in said layer;

(c) wherein a portion of said conductive lines are interconnects and a portion
of said conductive lines are dummy interconnects..



3. A dielectric structure, conprising: (a) a |layer of porous }
dielectric with an average pore dianeter of D and with the

pore volune to total |ayer volune of p; (b)-. wherein the Ammmuﬂ““mnwml
| ayer within a distance 2D of a surface of said | ayer has the rratito bf ¢
total pore volune to total Iayer portion volunme of |less than p/2. 4. A

met hod of  porous-dielectric fabrication, jgonprising the steps of: (a)
form ng a xerogel on .a surface; and (b): drying said xerogel in a reducing

at nosphere. 5. A interconnect structure, conprising: (a) a porous
di el ectric |layer;: and conductive lines-inbeflded.in said |ayer; (c)
wherein a porti onbof mﬂlﬂﬁﬂitﬁ’éﬁ“?q@1apﬁ@a§‘°9r%°m‘?ﬂsgﬂ%%‘ﬁr§éqﬂssq'and a portion

of said conducti vgat): ' rﬁinédaﬁi ng 4ifdeel CohpoREANS&fct on a watd, Sald thrdersotiposient

dielebtric fabric corrprrsrngthe st eps: of () F£:‘|n coating a three
conponent sysysiemncladmgﬁ&t and&e@ndmob@ntsmﬁﬁi@lﬁﬁﬂgm% f¥icl udi ng f.irst

and second . sof ve;ﬁ)s é"%ﬁoﬂhrﬁ ggihrﬁr&sgrvgﬁersors (b) evaporating said
fu ( i Zi

first solvent. er. spi nni n‘g sard. wafer; .and: (d) - -poI yrrerl zing
said precursors af@’ evfariberaﬂn!m@gsa;ﬂl wetasiand sol vent .

_-=(d) polymenzmg sard precursors and evaporatmg sard second solvent



