Surface Modification of a Porous Organic Material through the Use of a Supercritical Fluid TECHNICAL
FIELD [0001] The present invention relates to the surface modification of a porous organic material
through the use of a supercritical fluid. More particularly, the present invention relates to forming a very
thin, dense layer on a free surface of a body or film that is made of or contains a porous organic material

to render the %ﬁﬁ%é@@&ﬁiﬂ&ﬁ‘ﬁﬂﬂ%ﬂimﬁ?@%%ﬂé 'Mai%‘?f@ﬁﬂ‘ﬁ%uglﬁ’ PHEQISBHFHGROUND

[0002] Porous organic structures, such as a 8 orf ei{,i:of or structures containing porous organic
rcr
materials find a variety of industrial uses. sueh porous struc ures are usually mechanically weaker than
would be the case if the pores were not present. Moreover, the pores of the structures often intersect the
free surfacE8GhBYEe\kdididiAg that surface rough, non- uniform or erose. Some potential uses of these
porous structures require that the porous structure be rendered mechanically stronger and/or that the

free surfaqg@(ipreof PreIRACH? ARENRBH-RIGRS: tdIRE WSmAaNMIGitRaEsT Ba WQ@ Dy vasthgiporous

[
structures acting as a dielectric layer in an integrated circuit ("IC"). [0003] Efforts proceed to increase the
density of jptegratar GCWits QiharsHitlel SHRSI a8 re Gl HARSINeI PRRFTeRRANBA S dREtaasing the size

of integrated circuit features to the low nanometer range. To achieve significant shrinkage in the size of
integrated fifgiifofaaittiemine¥¥nse layer on a free surface of a body or film that is made of or contains a

porous organic material to render the surface smooth or non-porous and the body or film

mechanically stronger.

BACKGROUND

[0002] Porous organic structures, such as a body or film thereof, or structures containing
porous organic materials find a variety of industrial uses. Such porous structures are usually
mechanically weaker than would be the case if the pores were not present. Moreover, the pores
of the structures often intersect the free surfaces thereof, rendering that surface rough, non-
uniform or erose. Some potential uses of these porous structures require that the porous structure
be rendered mechanically stronger and/or that the free surfaces thereof be smooth and non-erose.
One use having these requirements involves the porous structures acting as a dielectric layer in

an integrated circuit (“IC”).

[0003] Efforts proceed to increase the density of integrated circuits on a single substrate.
Circuit density increase requires decreasing the size of integrated circuit features to the low
nanometer range. To achieve significant shrinkage in the size of integrated circuit features, new
or improved, high-purity, low-K dielectric materials are required to address capacitance-related
problems, such as increased power consumption, signal propagation delays and crosstalk

between the circuits’ conductors and interconnects.
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or improved, high-purity, low-K dielectric materials are required to address capacitance-related problems,
such as increased power consumption, signal propagation delays and crosstalk between the circuits'
conductors and interconnects. -1 [0004] One prospective class of low-K dielectric materials includes
porous organic or organic-containing structures into which there have been introduced a high density of

nanoporegoigicallyothese sfeeaid erGarpRFisektiiR lRyarsH U EimS sRNaIRBRlatgemuer of small
pores or voids that may be open or closed, the latter being preferred. Porous layers or films are

deposited gr.atiervinginiadusec aestheswaRiAiRfohlatebesssiptdherain anchtherspnfithe rBguctors

(or lines), pads and interconnects of the integrated circuit supported by the substrate. The pores effect a

lowering ofrthgcKildiglestie-causianb Mpralative ReeRitivithotthealauer PlafilemiyiBethgrsthanases of the

layer or film are open or closed, some of them typically intersect, and are open at, the free surface of the

layer or filgg: {QQRShMetaliecopeiisiae Ruintrgratedeiicureiypicallpheginazmetalimpatéerns on a free
surface of the low-K, organic layer or film. The free surface may be a surface of the as- formed layer or a

surface expgssdafier aiehingopibeulavesn Thesmstallic foatigenseatepPragldaeshdiharelgpesitien process

such as electroplating a metal layer onto a seed layer of the metal. The seed layer is typically formed by
physical vapaidepasisionneSMiads ahinpialanteea: prgvieusicaepositedibapestayery e batiaelayer is

intended to prevent untoward reaction of the atoms or ions of the metal forming the seed layer or the
conductor Wwithpheseatesialiohdie IGRREK (dielectric constant or relative permittivity) of the layer or

film. Whether the pores of the layer or film are open or closed, some of them typically intersect,

and are open at, the free surface of the layer or film.

[0005] Metallic conductors of integrated circuits typically begin as metallic patterns on a
free surface of the low-K, organic layer or film. The free surface may be a surface of the as-
formed layer or a surface exposed after etching of the layer. The metallic patterns are produced
by a deposition process such as electroplating a metal layer onto a seed layer of the metal. The
seed layer is typically formed by physical vapor deposition (“PVD”) of metal onto a previously
deposited barrier layer. The barrier layer is intended to prevent untoward reaction of the atoms
or ions of the metal forming the seed layer or the conductor with the material of the organic
layer. The free surface may be a generally planar portion of the surface of the layer or film, but
more typically comprises the bottom and sidewalls of a conductor-containing trench formed in
the organic layer by etching. The metal seed layer and the deposited metal may enter, and
contact the walls of pores open at the free surface of the organic layer due to failure of the barrier
layer to cover those pore walls. This creates the possibility of unwanted metal-layer reactions.
The presence of metal in the pores has also been found to have deleterious effects on integrated

circuit operation, particularly in the areas of crosstalk between and among the conductors and the



layer. The free surface may be a generally planar portion of the surface of the layer or film, but more
typically comprises the bottom and sidewalls of a conductor-containing trench formed in the organic layer
by etching. The metal seed layer and the deposited metal may enter, and contact the walls of pores open
at the free surface of the organic layer due to failure of the barrier layer to cover those pore walls. This

creates theRResHAEY WhiBWAPIREEMetalidRYew BRI TotTNE PIBRENaFPTMetab iR heParas bas also
been found to have deleterious effects on integrated circuit operation, particularly in the areas of

crosstalk hgiwesitanthaRend.the #RANGHEIY JINEHAE coneBHaNtIWaste0t ROWAInE wither, whether or
not the barrier layer fully covers the walls of open pores, the seed layer may fail to fully enter some

pores. In tRiscenMt NGRS LIRMrapiatiogHREesHiR yQitHM Hat GRNEB1EIAI Rl Regusiwhere no

continuous seed layer is present. Such voids may increase the electrical resistance of the conductor to

unacceptaplesdgvedu el vibanenay mMereavoids snpratalapsdiemnesgenonatiftenory discaupimsieus) the
conductor. [0006] It is desirable that low-K dielectric films in ICs be mechanically strong, especially where

metal congesRrsy, havirgodinpise, they mad ceekitenthabexppis@hriaigenirinesua thecdngained in

trenches. As noted, the presence of pores mechanically weakens dielectric films. Additionally, pores in
the dielectyjc film may have an adverse or r dicta?.e effeci.on the therm L’EX ansion coefficient of the
. Pore WU at 1 e Gl Or it RO TS) rcHEsE 170 PRSI G ST AN qecrease
the purity of the film and the adhesion of the film to the underlying surface.on which it resides . [0007] In
view of the {5 BIHG MR Ik UL S SEvo NS HREASAFL RIS R hepansion. ire Containcd and

constrained in trenches. As noted, the presence of pores mechanically weakens dielectric films.
Additionally, pores in the dielectric film may have an adverse or unpredictable effect on the
thermal expansion coefficient of the film. Pores open at the free surface of the film may increase
the moisture uptake of the film and decrease the purity of the film and the adhesion of the film to

the underlying surface on which it resides

[0007] In view of the foregoing regarding the use of porous dielectric films in IC
fabrication, it may be said that, while porosity can impart to a dielectric film a desirable low K,
porosity can also have deleterious effects on the quality of the films and or conductors formed

therein and thereon.

[0008] Supercritical fluids, such as supercritical carbon dioxide (“SCCO,”) are well defined
in the art. Supercritical fluids or solutions exist when the temperature and pressure of a solution
are above its critical temperature and pressure. In this state, there is no differentiation between
the liquid and gas phases and the fluid is referred to as a dense gas in which the saturated vapor
and saturated liquid states are identical. Due to their high density, low viscosity and negligible

surface tension, supercritical fluids possess superior solvating properties.



fabrication, it may be said that, while porosity can impart to a dielectric film a desirable low K, porosity
can also have deleterious effects on the quality of the films and or conductors formed therein and
thereon. [0008] Supercritical fluids, such as supercritical carbon dioxide ("SCCO2") are well defined in
the art. Supercritical fluids or solutions exist when the temperature and pressure of a solution are above

its critical {@pwaraturg gndpreasyIgid(tisie stalg. theEe koW fferovtiation hefweeredhirlj@atand gas

phases and the fluid is referred to as a dense gas in which the saturated vapor and saturated liquid

states are jgenticato Ruarde theindligbnsignsithslaw iscaritypARdLpgligiale, stitrappRations aypercritical
fluids possess superior solvating properties. [0009] Supercritical fluids ("SCF') have been known for over

200 years deverpetlyedéehts @rexusRidn seamextienahesnall §emss indBilrs psergssmonsddasother
applications as developer reagents or extraction solvents. US Patents 5,185,296 and 5,304,515 describe

methods i Whieh Sureeeriliaaliliid s aseaed tonieteantvdhvaiedREganemoMeNmpNG s Fryites from
thin films deposited on substrates. US Patent 5,665,527 describes a high resolution lithographic method

in which atguparatitiee Jluietis vsast ta el ersivalydiswsS 27s@l e ddneRase soRATHR Mt S @ p@lymeric

material (a photoresist) from a substrate, thereby forming a patterned image. In recognition of the

superior s@hsatngipropRHieS Westineraritical fludsd WSRaient1$ dittbh&/a saselivesapveiedrian
removing impurities from highly cross-linked porous organic polymers. A key function of the supercritical

solvent is & pgoeiradeicheananoPe phssosbliaiune effeaibehitsahatkety omare abitaersiahaigamnic solvents
and unreacted monomer.

recognition of the superior solvating properties of supercritical fluids, US Patent 5,710,187

describes a method for removing impurities from highly cross-linked porous organic polymers.

A key function of the supercritical solvent is to penetrate the nanoporous structure effectively so

as to remove all traces of organic solvents and unreacted monomer.

[0010] The desirability of sealing or closing, or otherwise eliminating, the open pores
intersecting the free surface of the organic layer has been recognized for some time in the IC
arena. Effective procedures for achieving this goal without compromising the properties of the
film as they relate to integrated circuit fabrication are the subject of continuing work in the field.

The present invention presents such an effective procedure.



[0010] The desirability of sealing or closing, or otherwise eliminating, the open pores intersecting the free
surface of the organic layer has been recognized for some time in the IC arena. Effective procedures for
achieving this goal without compromising the properties of the film as they relate to integrated circuit
fabrication are the subject of continuing work in the field. The present invention presents such an
effective procedure. SUMMARY OF THE INVENTION [0011] The present invention contemplates a

method of%VM%ﬁ%Ya%r};%r{We%@g}Q&e- free layer on a free surface of a structure. The structure,

which may be a body, film or layer is made of or contains a porous organic material. In specific
embodimejt@] the striatupeciea lavetiidieleakiapaganialayedaffpnd@icBeme afthemdeese yhich may be
opened or closed within the structure, are typically very small (nanopores) and have a high density in the
structure. Seealayet dhe fercsiifiiecsect, sandtare. opensatcauire evditfiaca obdhebsityctilne of0a§AlisT he
method of the present invention contemplates contacting the free surface of the structure with a
supercriticalaflaidftbatonchiides psolvens foicthatergdnio spetafialcuttdel neonditiensistlictan it inikate
solvation of the surface and the walls of pores open at the surface. Conditions are then imposed under
which the daleating @tgaiidayatefiah I6dSgoe s atph paseestrahgitionagttib e feaedsoir tdose toviattim dethe
surface and over the pores open thereat a very thin, dense layer of the organic material to render the
surface smouothuM/heteyihieadtyucity eris i (dialgeires inahhGethdidensadayan ihesstificiently $Shinesofthat the
K of the film is not significantly increased.

the pores intersect, and are open at, a free surface of the structure.

[0012] The method of the present invention contemplates contacting the free surface of the
structure with a supercritical fluid that includes a solvent for the organic material under
conditions sufficient to initiate solvation of the surface and the walls of pores open at the surface.
Conditions are then imposed under which the solvating organic material undergoes a phase
transition at the free surface to form on the surface and over the pores open thereat a very thin,
dense layer of the organic material to render the surface smooth. Where the structure is a
dielectric in an IC, the dense layer is sufficiently thin so that the K of the film is not significantly

increased.

[0013] In some embodiments the supercritical fluid itself is the solvent. In other
embodiments the supercritical fluid and the solvent are separate entities. The phase transition of
the solvating material may be effected by lowering the temperature of the supercritical fluid or

by adding a non-solvent for the material to the supercritical fluid.

[0014] The present invention also contemplates a product resulting from the foregoing

method.



[00131 In some embodiments the supercritical fluid itself is the solvent. In other embodiments the
supercritical fluid and the solvent are separate entities. The phase transition of the solvating material may
be effected by lowering the temperature of the supercritical fluid or by adding a non-solvent for the
material to the supercritical fluid. [00141 The present invention also contemplates a product resulting from

the foregowrmMethpd CRRMEFORESCRIR RN WENTHSE DRAWINGS [0015] None of the following Figures
are to scale and are exaggerated and stylized to more clearly illustrate the principles of the present

invention. Figure 1 is an enlarged, stylized, cross-sectioned view of an organic, porous material
structure. @gi%] Figu%’%eiﬁ&%éﬁﬂ?@@%ﬁdﬁﬁ@%rﬁ@r&éﬁf% BT ER%eE IR Al Wgcg'fod%ﬁion of
the structufrde!eé)ﬂ Figure 1 aﬁt?itng.as. akdi%e%r:ﬁ layer jn an |C and illustrating defects that may deleteriously
affect the & O PERES AT SEERS e SUSEE o tHE er which render it non- smooth. [0018] Figure

3 includes three schematic representations illustrating a process according to the present invention
wherein a i &Gmoothiguréace ahthdstedtundy od kiguysesdtianed2/ iswrefide kad Sticoptho{Q0dAEfFajure 4 is
a highly enlarged, stylized, cross-sectioned view of the organic structures of Figures 1 and 2 the surfaces
of which hawecheen rendered smooth by the process depicted in

[0017] Figure 2 includes three highly enlarged, stylized, cross-sectioned views of a portion
of the structure of Figure 1 acting as a dielectric layer in an IC and illustrating defects that may
deleteriously affect the IC due to pores intersecting the surface of the layer which render it non-

smooth.

[0018] Figure 3 includes three schematic representations illustrating a process according to
the present invention wherein a non-smooth surface of the structures of Figures 1 and 2 is

rendered smooth.

[0019] Figure 4 is a highly enlarged, stylized, cross-sectioned view of the organic structures
of Figures 1 and 2 the surfaces of which have been rendered smooth by the process depicted in

Figure 3 so as to be suitable for use in an IC.



Figure 3 so as to be suitable for use in an IC. DETAILED DESCRIPTION OF ILLUSTRATIVE

EMBODIMENTS [0020] Figure 1 depicts a structure 10, which comprises a solid organic material having
small pores 12 dispersed therethrough. The structure 10 may be a relatively large, self- supporting body
of the organic material or a thin layer of the organic material deposited on or applied to a substrate (not
shown). The structure 10 m?ﬁgalso comprise a self-supporting hody or._a substrate-supported thin layer,

either of \/VPEE‘M&?%BE&Q 1618% miterial S G F QRI:X%%]I\II]B%aniC substances. [0021] The

pores 12 are depicted as being closed, that is, not in communication with each other, but open pores
communicpi029vith edghrethdepsicescontecoplatedl) vIothe ehfiggareslidoipiaisenitarfn¢asuntace 16 of the
structure rendering the surface 16 non-smooth, rough or erose. These open pores 14 may occur in the
as-formedssteitpuiesl Ratispayde st dtmmuetchifig otrother teatipart ofdad suyfacee] 6elFor some
proposed uses of the structure 10, it is desired that the free surface 16 be smooth and non-erose, that is
containingsnppsiteéagteleaf peresintersectiisl vee tbinrfage 56140022 MRonmisrathdejurésedwaoas the
structure 10 containing pores 12 are not as mechanically strong as would be a structure of the same
material withydiddhe paredrdiecioanical n3irdhgtitriscgendatyainyvisosalynpropartielfiauigpthengamsity af pores
12 within the structure 10. For certain contemplated uses of the structure 10, it is desired to increase
mechanical sthetigtt ofp poetsinhiturey &) aitliboof shixdtaniigilychltierithg otgariprogeridaitkdendof 10.

organic or inorganic substances.

[0021] The pores 12 are depicted as being closed, that is, not in communication with each
other, but open pores communicating with each other are contemplated. Some of the pores 14
intersect a free surface 16 of the structure rendering the surface 16 non-smooth, rough or erose.
These open pores 14 may occur in the as-formed structure 10 or may result from etching or other
treatment of the surface 16. For some proposed uses of the structure 10, it is desired that the free
surface 16 be smooth and non-erose, that is containing no sites whereat pores intersect its free

surface 16.

[0022] Porous structures such as the structure 10 containing pores 12 are not as
mechanically strong as would be a structure of the same material without the pores. Mechanical
strength is generally inversely proportional to the density of pores 12 within the structure 10.
For certain contemplated uses of the structure 10, it is desired to increase mechanical strength of

the structure 10 without substantially altering other properties thereof 10.

[0023] Many organic materials are good electrical insulators and possess a low dielectric
constant or K. The presence of small pores 12 can further lower the K of a material.

Accordingly, a particular use contemplated for the structure 10 by the present invention is that as



[0023] Many organic materials are good electrical insulators and possess a low dielectric constant or K.
The presence of small pores 12 can further lower the K of a material. Accordingly, a particular use
contemplated for the structure 10 by the present invention is that as an insulative, low-K dielectric in an
integrated circuit ("IC"). As the size of ICs decreases, the need for good electrical insulation having a low

K increaseg, RonpisStBGILRasIELaRPlIEthahtclaRRitacen varoys AayaessoklGisitavectbaeafarm, been
found expedient, if not necessary, to use as insulation and/or a dielectric between conductors (lines and

pads) of |G RN G SIRFERRSACAARACHADAG PANYEER FNRSR GORIICIPESo @S sHigGusse toeahirsd Juch a use is
schematically shown in Figure 2A. [0024] In Figure 2A, an idealized structure 10' comprises a thin,

porous orgapisslanesi Sarissiding aralowesievakeifan | 6een athad supsiisie, (habshewarihe siieicture
10" is said to be idealized, because none of the pores 12 are shown to intersect the free surface 16 of the

organic layemiSlaMinandsed akREtHMSHaaRd distestsidinlGadtpedppsesdlaaasldiesmall, having
dimensions in the nano-meter range, and are often termed nano-pores. [0025] A line 20 or other

conductor capsfitasca Pad enalraisedadaéihe, s imssuprartadiby, thecipraaRie layeiddicipigalivathe line
20 resides in an etched trench, the free surface of the bottom 22 of which and a portion of one sidewall

23 are shawyguiid Bigure 2A. The trench physically constrains the line 20 between its sidewalls 23. If
damascene protocols are followed in fabricating the IC, the line 20 is copper which is deposited on the

tructure verfilling the french.gnd.then planarizing the rfill by chemical-mechanical polishin
S.. ! .’ ]ﬁ%g © PnnI%guFe EIE an 1§ezﬂlze s@u%tureﬁBgcomp%}/s%s a tll)ﬁ/n, pgrous organcfc ?ayera HQ shing
("CMP™) unti top
residing on a lower level of an IC or other substrate (not shown). The structure 10’ is said to be
idealized, because none of the pores 12 are shown to intersect the free surface 16 of the organic

layer 18. When used as an insulator and dielectric in ICs, the pores 12 are quite small, having

dimensions in the nano-meter range, and are often termed nano-pores.

[0025] A line 20 or other conductor, such as a pad or electrode, of the IC is supported by the
organic layer 18. Typically, the line 20 resides in an etched trench, the free surface of the bottom
22 of which and a portion of one sidewall 23 are shown in Figure 2A. The trench physically
constrains the line 20 between its sidewalls 23. If damascene protocols are followed in
fabricating the IC, the line 20 is copper which is deposited on the structure 10 by overfilling the
trench and then planarizing the overfill by chemical-mechanical polishing (“CMP”) until the top

24 of the line 20 is coplanar with the free surface 16 of the organic layer 18.

[0026] The steps effected to produce the line 20 are to first deposit a tantalum-containing
barrier layer 26 on the bottom 22 and sidewalls 23 of the trench, as well as on the free surface 16
of the organic layer 18. The barrier layer 26 prevents copper atoms or ions from the line 20 from
diffusing into the organic layer 18. Diffusion of copper into the layer 18 compromises and

degrades both its insulative and dielectric properties. For example, diffusion of copper into the



24 of the line 20 is coplanar with the free surface 16 of the organic layer 18. [0026] The steps effected to
produce the line 20 are to first deposit a tantalum-containing barrier layer 26 on the bottom 22 and
sidewalls 23 of the trench, as well as on the free surface 16 of the organic layer 18. The barrier layer 26
prevents copper atoms or ions from the line 20 from diffusing into the organic layer 18. Diffusion of

copper intQ thmiaysfel § SAMPQMiIgRK @M iReARANS Both byinsw ®ivepathgielegtrivigrgperkas. For
example, diffusion of copper into the -8 organic layer 18 has been found to increase the desirably low K of

the layer 1@aMespleOher nhiae£RRNAE Mayidahjernie the bawianiauenass dhp hasial layer 26 is

deposited in any conventional manner. [0027] A copper seed layer 28 is then deposited on the barrier
layer 26 bygphysiGahMapeangeposition ("PVD") or other conventional method, on the bottom 22 and
sidewalls 23 of the trench and on the barrier layer-covered surface 16 of the organic layer 18. Thereafter,

the coppe 20 is electrodeposited on the see er 28, overfillin h and covering the
Surtace 1WA coppa BUBSRTLHR Floa e R o AL 2B SOBHIR B b ymgsasﬁpép bed layer
28 and ba rier Ia the urfaces 16, 2 0028] In re € pores 14 of
the struct 4872 éﬁ\;ﬁrgﬂﬁ% e AR T R gt E& Fe surface 16
of the structur e, sidewalls 23 an%ﬁf)ott? Zﬁoft e trench che]cLi§ the anic Ia er 18.
These inte‘i@&&\ 5 ShS 8 8#&’6‘%8&%}/&2 SRR AL 0L ¢ OE%’ea‘&‘& ?{Sﬁ IH}?\/%O

dielectric qynae“% e?ectrodeposﬁed on the seed layer 28, overfilling the trench and covering the surface 16

with copper. Subsequent planarization removes the overfill of copper, the copper seed layer 28

and barrier layer 26 from the surfaces 16, 22 and 23.

[0028] In reality, some of the nano-pores 14 of the structure 10 in Figure 1 and of the
organic layer 18 of Figures 2B and 2C intersect the free surface 16 of the structure 10 and the
sidewalls 23 and bottom 22 of the trench etched into the organic layer 18. These intersections of
nano-pores 14 with these surfaces can be deleterious to the insulative and dielectric quality of the
structure 10, and particularly of the organic layer 18, and can prevent proper operation of an IC

in which the organic layer 18 is present.

[0029] Specifically, and referring to the left-hand portion of Figure 2B, there is depicted a
situation where, because of the small size of the pores 14 intersecting, and open at the surface of,
the trench bottom 22 or the sidewalls 23, the barrier layer 26 has not fully covered the wall of
some of the open cells 14. However, the PVD seed layer 28 has covered these walls.
Consequently, when the copper for the line 20 is electrodeposited, the pores 14 are filled
therewith. As described above, direct contact between the organic layer 18 and copper of the
seed layer 28 or the line 20 can adversely affect the insulative and dielectric properties of the

organic layer 18. Moreover, even absent diffusion of copper into the organic layer 18, a copper



structure 10, and particularly of the organic layer 18, and can prevent proper operation of an IC in which
the organic layer 18 is present. [0029] Specifically, and referring to the left-hand portion of Figure 2B,
there is depicted a situation where, because of the small size of the pores 14 intersecting, and open at
the surface of, the trench bottom 22 or the sidewalls 23, the barrier layer 26 has not fully covered the wall

of some ofdheinpem agisrd 44ilovaeiotbaé? ¢bhaged iamnemndbareoxeIerbase wadsfilepnsequently,

when the copper for the line 20 is electrodeposited, the pores 14 are filled therewith. As described above,

direct contggtQatmeepihiaeseanisaxes i rRrdaerpenotthtefraddavernédor the line 20 can adversely
affect the insulative and dielectric properties of the organic layer 18. Moreover, even absent diffusion of

copper intg the organic layer 18, a copper -9 asperities in a pore 14 is closer to other conductors than
imonded, SHe carh A Ao g B DO ST R T Lok iuences in

the IC. [0030] At the rjght in Figure 2B, a related situatio ists wherein the seed layer, 28 in the open
o 14 s R S T P SO A AT DDA P HHE RS Bl e B

the PVD prociss. B%thP per contag:{; ation, discussed abova, and a va%id 40, aoiscgﬁ?e below, may
occur [0031] AFHRE 1Bf o Pigireest po SRR S B BHA e A OIS LRt SH e barrier layer
26 and the seed I%yer 28 from covering the wall of the pore 14. Electroplated copper will, thus, not fill the
pore 14 th&RSBYEERHNY SN AFHid 40 in the pore 14 beneath the line 20.

[0031] At the left of Figure 2C, the small size of one open pore 14 has led to both the barrier

layer 26 and the seed layer 28 from covering the wall of the pore 14. Electroplated copper will,

thus, not fill the pore 14 thereby creating a small void 40 in the pore 14 beneath the line 20.

Such voids 40, it has been found, may migrate into the line 20 increasing its electrical resistance

or causing a mechanically weakened point. Void formation and migration are accelerated by

typical post-deposition annealing of the line 20. Because the thermal expansion coefficients of

copper and the organic layer 18 are different, and because the bottom 22 and sidewalls 23 of the

trench constrain the line 20, annealing, as well as thermal cycling of the IC which typically

occurs during IC operation, may fracture or tear the line 20.

[0032] Reference numeral 42 at the left in Figure 2C is a location where the seed layer 26
has slightly entered the pore 14, and the electrodeposited copper has been deposited thereon in
close proximity with or in contact with the wall of the pore 14. This, again, raises also the

possibility of degradation of the organic layer 18 by diffusion of the copper thereinto.

[0033] At the right of Figure 2C, the barrier layer 26 has covered the wall of the pore 14, but
the seed layer 28 has only partially covered the wall of the pore 14. While contamination of the
organic layer 18 by copper may well be avoided, the resulting void 44 may lead to IC failure, as

described above.

-10-



Such voids 40, it has been found, may migrate into the line 20 increasing its electrical resistance or
causing a mechanically weakened point. Void formation and migration are accelerated by typical
post-deposition annealing of the line 20. Because the thermal expansion coefficients of copper and the
organic layer 18 are different, and because the bottom 22 and sidewalls 23 of the trench constrain the

line 20, anfyalig. asival as ey mal GvalnaRs FHRIG NdushmRIGR) Yo RSCUTS AUFNGILE RPEFALAG, may

fracture or tear the line 20. [0032] Reference numeral 42 at the left in Figure 2C is a location where the

seed layeng&nar slightheanieiad theacgehffant thenalestogrprsiiechrapathaseen deposited
thereon in close proximity with or in contact with the wall of the pore 14. This, again, raises also the

possibility glegrasiatian ekiheLraanisdaesnts dniffusierpintiencoprepshareinia. 1QQ33] At the right of

Figure 2C, the barrier layer 26 has covered the wall of the pore 14, but the seed layer 28 has only

partially coverrethil walketthepasealdinVilagantpepimatienpkibe wigrRie, layaiii8 thy peppsitiiay well
be avoided, the resulting void 44 may lead to IC failure, as described above. -10 [0034] If the organic
material obthe layeid.8 contained no pores 12,14, its relatively higher mechanical strength could be
sufficient for its trenches to properly constrain the lines 20, notwithstanding their variant coefficients of

thermal exggasion The PoTes 12,44 may SUILCIen ST SOTRIATINY BRI 10 R the e 2010

surfaces16, 22 and 23 of the organic layer 18, thus negating the above-described degradation of
the insulative and dielectric qualities of the low-K organic layer 18. Additionally, the present
invention results in an increase of the mechanical strength of the porous organic layer 18 without

significantly increasing the dielectric constant or K of the layer 18.

[0036] Referring now to Figures 3A-3C, the method of the present invention is
schematically shown. These Figures depict a single pore 14 open at a surface 16, 22 or 23 of the

organic layer 18 and in a stylized manner illustrate the present method and its effects.

[0037] The organic layer 18, or any other structure 10 that is a porous organic body, is
contacted by a supercritical fluid 50 that is appropriately compressed and held at a suitable
temperature to ensure supercriticality in a conventional manner. The supercritical fluid 50 may
itself be a solvent for the organic layer 18, and/or there may be added to the supercritical fluid 50
a solvent or co-solvent 52 for the layer 18. The solvent or co-solvent 52 is preferably added to
the supercritical fluid 50 at the inception of supercriticality but may be added after

supercriticality of the fluid 50 has been initiated.

[0038] As is well known, a supercritical fluid has low (to zero) surface tension, a density
similar to that of its liquid state, and a viscosity and diffusivity closer to its gaseous state.

Supercritical fluids have been used to clean micro- and nano-machines, because of their ability to
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[0035] The present invention provides a method of eliminating the open pores 14 at surfacesl16, 22 and
23 of the organic layer 18, thus negating the above-described degradation of the insulative and dielectric
gualities of the low-K organic layer 18. Additionally, the present invention results in an increase of the
mechanical strength of the porous organic layer 18 without significantly increasing the dielectric constant

or K of thegayeral8idPIRIIRGRIEINGINOW 16w igstesitFARICh Sic athae OhHIRIR@IeNb AR IS

schematically shown. These Figures depict a single pore 14 open at a surface 16, 22 or 23 of the organic
layer 18 amnghincsiyligagsteannerdilusiradeds pieprnkmeihed anshits §fieetse {003 7] The organic layer

18, or any other structure 10 that is a porous organic body, is contacted by a supercritical fluid 50 that is
appropriatﬁ%g mpressed and held a igle t erature to ensure supercrit callty n a conventional
ot TR orcr G YORIEEO S Ll oS COnBrEYe oot GaNE Vo i T may be
added to the su erc tical fl 0 a solvent or co % 2 for the la er 18. The solv solvent 52
s proforatWRtILL Hb T8 SHBLSHE) PGS A WE e PR 7 S R Bk e‘ar@ ded after
supercrltlcallt of the fdej ﬂglafs bee;{'énltlated 0038] As is \%/ Lgt??own a su (}Iltlcal wdé}? zOW (to
zero) surfdts elﬁélléﬂ VEUAREIRF WilidPic el BF tRHRG Shte, dng?gct,B’éi%f% QiRisRfin drser to its
gaseous state. Supercritical fwds ave% Séj lean mi d na chines é?e ause of their
ity to LT RATYD i CPHEEd R0R 95 o VCEEIE) ARMIHE UGS AE O BF remove
by solvation, molecules of the layer 18 move away from the surface 16, 22 or 23 and from the wall
of the pore 14, as indicated by the arrows 54, and the surface 16, 22 or 23 and the wall of the
pore 14 recede. Ultimately, as shown in Figure 3B, a “cloud” 56 of these solvated and solvating
molecules is present near the surface 16, 22 or 23 and at the mouth of the open pore 14. The

dotted profile 58 represents the original surface 16, 22 or 232 and the original wall of the pore

14.

[0040] Again, as is well known, the supercritical state of a fluid is highly sensitive to both
temperature and pressure, and different liquids may have vastly different temperature and
pressure points at which they become supercritical. Accordingly, after a time dependent on the
specific organic material of the layer 18 and the constituents of the solvent 50 or 50+52, the
supercritical state of the solvent 50 or 50+52 is abruptly terminated by either lowering its
temperature or its pressure or both, or by adding to it a sufficient quantity of non-solvent for the
layer 18. As used herein, the term “non-solvent” means a liquid or fluid having a different

supercriticality point than the solvent 50 or 50+52.

[0041] The abrupt termination of the supercritical state of the solvent 50 or 50+52 effects a
phase transition of the molecules in the cloud 56 at the surface 16, 22 or 23, as indicated by the

arrows 59. Immediately thereupon, as shown in Figure 3C, a thin, dense, non-porous film or
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momentum transfer (due to high density) impurities and unwanted particles. [0039] The supercritical fluid
50 alone (if, by itself, it is a solvent for the layer 18) or the supercritical fluid 50 plus a solvent or
co-solvent 52 (whether or not the supercritical fluid 50 itself is a solvent for the layer 18) enter the small
pore 14. The supercritical solvent 50 or 50+52 initiates solvation of the surface 16, 22 or 23 of the layer

18 and thenwalbeiihersrend br Ruinateivatimielpeuiesahtoa Ryer kS naxeswahdramhie surface
16, 22 or 23 and from the wall of the pore 14, as indicated by the arrows 54, and the surface 16, 22 or 23

and the wallgsdhe 1 poredderarRdge Blimatelysiasshondidridie Bk @e Hardh 5&obthese solvated and

solvating molecules is present near the surface 16, 22 or 23 and at the mouth of the open pore 14. The

dotted profienef repsestaishiageoriging isesfactHbiidr, of 232 andtiraligoabaalbobthepose 14. [0040]
Again, as is well known, the supercritical state of a fluid is highly sensitive to both temperature and

pressure, apd@diffiereniliguids ISBAeE vasiiglifferepbiasiveyatsse-andhgigssire points at which they

become supercritical. Accordingly, after a time dependent on the specific organic material of the layer 18
and the constituents qf the solvent 50 or 50+52, the. supercritical state of the solvent 50 qr 50+52 is
e 1 R T S A R e
sufficient quantity of non-solvent for the. layer 18 As used herein, the term."non-solvent" means a liquid
o1 fluic hadig L RHENE S OTEH L B R Pen SCloBt BB OB 0 AL @St

terminati the supercritical state of th Ivent 50 or 50+52 effects g..
Or&eqjme(? prlillgarﬁy té)%/ a aenselty trat?sﬁ%n tpere etween, a%thoueg% 1an31gures 3C and 4 the

boundary is shown as the surface 16,22 or 23. The film 60 closes the pores 14 open at the
surface 16,22 and 23 and adds mechanical strength to the organic layer 18. The film or
membrane 60 has also been found to be sufficiently thin so as to not significantly increase the
dielectric constant, K, of the low-K layer 18. The free surface 62 of the film 60 is smooth and is
suitable to serve as a surface onto which a barrier layer 26, a seed layer 28 and a line 20 or other

conductor may be formed without the deficiencies of a line 20 deposited pursuant to the prior art.

[0043] Typically, the preferred solvent 50 will be supercritical CO,, as it is known as a
solvent for many materials. See for example the above-cited patents and “Precision Cleaning
with Supercritical Carbon Dioxide for the elimination of Organic Solvents and Reduction of
Hazardous Waste,” by Spall et al. in the Proceedings of the 1995 Summer National Meeting of
the AlChe. Where the solvent 50+52 is used, it will usually be preferred to use a co-solvent

together with CO..

[0044] One example of an organic material for the structure 10 of Figure 1 or the layer 18 of
Figures 2-4 is polytetrafluoroethylene (“PTFE”) or Teflon® (Dupont) containing small pores 12
and 14. Supercritical CO; solvates PTFE. Accordingly, the CO, solvent 50 is rendered

supercritical and brought into contact with the surface 16, 22 or 23 of the organic layer 18 until
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phase transition of the molecules in the cloud 56 at the surface 16, 22 or 23, as indicated by the arrows
59. Immediately thereupon, as shown in Figure 3C, a thin, dense, non-porous film or -12 membrane 60 of
the organic material forms atop the surface 16, 22 or 23 and over the entry to the pore 14. Concerning
the phase transition and the formation of the film 60, see Basic Principles of Membrane Technology 2d

Edition, byialeali¥eslerTOR!ales L2965 Ishivuar. AcpramicaRublisharte PBN:-0AIR3AR433, ingopporated

by reference hereinto. [0042] The film or membrane 60 has a higher density than that of the remainder of

the layer b&Jie bpundias/besvaamihe o H8aa6Hhe o5 HeRsRARIRMSIOMAIRIe RS the layer 18 is

defined primarily by a density transition therebetween, although in Figures 3C and 4 the boundary is

shown as thessbriaes &bnddruds. The THROP0l0668 the PIEcldrRpRA 8l thelisbkagce 16®8e and 23 and

adds mechanical strength to the organic layer 18. The film or membrane 60 has also been found to be

sufficientlysthir s sl lo@ot wanifieantiyineeasethe tigleciic consiantrKard freslavethiayeidd The
free surface 62 of the film 60 is smooth and is suitable to serve as a surface onto which a barrier layer

26, a seeddayeug&anstalline 20 or other conductor may be formed without the deficiencies of a line 20
deposited pursuant to the prior art. [0043] Typically, the preferred solvent 50 will be supercritical CO2, as

it is know solvent for many materials. See for example, the ahove-cited pate d "Precision
Cloaning T o B S e S o A R K R SNt D e ction of
Hazardous et R R Rt 2 e R S O e e subamnmeer Netiopg! Mgeting of

transition may be effected by adding HF below its supercritical temperature to the supercritical

HF 50.

[0046] Another example of an organic material is an aromatic hydrocarbon, such as SiLK®
(Dow). This aromatic hydrocarbon may be solvated with a solvent 50+52 comprising
supercritical CO, 50 to which a benzene-containing co-solvent 52 has been added. Again, the
phase transition that effects formation of the film or membrane 60 may be brought about by

adding a quantity of CO, below its supercritical temperature to the solvent 50+52.

[0047] Depending on the organic material of the structure 10, such as the layer 18 having a
thickness of about 100nm, and the composition of the solvent 50 or 50+52, the solvation time is
selected until a small thickness of about 5-10nm of the surface 16 or 22 and of the wall of the
pore 14 is dissolved, following which the phase transition is effected to produce the film or
membrane 60 having a thickness of about 5Snm. The solvation time, as well as the temperature
and pressure of the process may be manipulated to produce a dense, non-porous film or
membrane 60 having sufficient continuity to cover open pores 14 and sufficient additive
mechanical strength, without adversely affecting other desirable properties of the structure 10 or

the layer 18, such as the dielectric constant of the latter.
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the AIChe. Where the solvent 50+52 is used, it will usually be preferred to use a co-solvent together with
CO2. [0044] One example of an organic material for the structure 10 of Figure 1 or the layer 18 of
Figures 2-4 is polytetrafluoroethylene ("PTFE") or Teflon(r) (Dupont) containing small pores 12 and 14.
Supercritical CO2 solvates PTFE. Accordingly, the CO2 solvent 50 is rendered supercritical and brought

into contagh4l) the swiace hbredd Hed3raf toRaREARIS dAMET B4R Hhel 3 e Al0uid 2668 RIdVe molecules

is present. A phase transition of the PTFE molecules 56 may be effected by adding to, or flushing, the

supercriticak G Q2nwithdditanal GQ2dekmihesuRerIficaldepaparaiusescinaphass, bansition may also

be effected by adding water to the supercritical CO2. Water is a non-solvent for PTFE at the temperature

and pressiaythdtneansn SRLSURS tahticaly KOG Ademativehtrwhreg thedsseile:s0 g the layer 18

is composed of PTFE. The supercritical fluid solvent 50 may be a fluorine-containing substance such as

HE The phasgutinsitiginay-keoatieeieshby agslipg bFuhelevsiis suRalssiticaliompemaitraiecthe
supercritical HF 50. [0046] Another example of an organic material is an aromatic hydrocarbon, such as

SILK(r) (Daspdndéris arematicdivetipaarkanmsy henselyatedyyithtBesivest SOmblaemprigingitmagrcritical
CO2 50 to which a benzene-containing co-solvent 52 has been added. Again, the phase transition that
effects forgabinslef SEsidbm G cnemierane: A9 B PiPemreigh PADW by SiLK, and J SiLK;

polyethylene; polypropylene; aromatic hydrocarbon materials; polynuclear aromatic

hydrocarbon materialss; Flare 2.0™ (Allied Signal); Orion® (Trikon); LKD 5109® (JSR);

XPX® (Asahi); and HSQ or HSSQ (hydrogen silsequioxane) and MSQ or MSSQ (methyl

silsequioxane), both silicone-based polymers. Additional polymers and other materials may be

selected by those skilled in the art. Exemplars of solvents 50 and 50+52 include CO2, water,

acids, nitrogen, argon, xenon, propane, ammonia, isopropanol, methanol, alcohol, ethers, acids,

amines, DMSO (dimethylsulfoxide), NMP (N-methyl-2-pyrrolidone) and IPA [N-(3-methyl-2-

butenyl) adenosine].

[0049] Particular embodiments of the invention are described herein. It is to be understood
that the invention is not limited in scope thereby. The present invention includes the described

embodiments and any modifications and equivalents covered by the following claims hereof.
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adding a quantity of CO2 below its supercritical temperature to the solvent 50+52. [0047] Depending on
the organic material of the structure 10, such as the layer 18 having a thickness of about 100nm, and the
composition of the solvent 50 or 50+52, the solvation time is selected until a small thickness of about
5-10nm of the surface 16 or 22 and of the wall of the pore 14 is dissolved, following which the phase
transition is effected to produce the film or membrane 60 having a thickness of about 5nm. The solvation
time, as wltie e t%[ﬁ%'é\@gré&and pressure of the process may be manipulated to produce a dense,
non-porous film or membrane 60 having sufficient continuity to cover open pores 14 and sufficient
additite mechanicahstiiedgihpnithaup adveysdin adtestifyntbe n degiable prapediesahiiesttecilre 10 or
the layer 18, such as the dielectric constant of the latter. -14 [0048] As used herein, the term "organic
material" meaaimihg Nratelial hoiscusse drahonepase svgitiast matearifls rehatepethpoete @ndeaing pfarous
polymers, polymer-based materials, or non- polymer-containing materials that may be solvated by a
supergriticaliffasd béhammébtbctonpiedigce the molecular cloud 56 that is capable of undergoing a
temperature- and/or pressure- dependent or a non-solvent-driven phase transition to form the film or
membfane 60. Additiactalgekemplacs ofitbLchupbranganidlmdtériaiaiadey ko ISénK{d? sheknddeSilK, and J
SILK; polyethylene; polypropylene; aromatic hydrocarbon materials; polynuclear aromatic hydrocarbon
materfalsspidare&0ftions(Allificiigioal) jt @rear(r)ationikeihd 40t AR o(IBR YN a X (P (ésaiu); and HSQ
or HSSQ (hydrogen silsequioxane) and MSQ or MSSQ (methyl

6  the surface; and then

7 effecting a phase transition of the solvating organic material at the surface to form a thin,
8 dense, pore-free film thereof on the surface, thereby covering the open pores and rendering the

9  surface smooth.

1 2. A method as in Claim 1, wherein the supercritical fluid is the solvent.

1 3. A method as in Claim 1, wherein the supercritical fluid and the solvent are separate
2 entities.

1 4 A method as in Claim 3, wherein the supercritical fluid and the solvent contact the

2 surface substantially simultaneously.

1 5. A method as in Claim 3, wherein the solvent contacts the surface after initial contact

2 thereof by the supercritical fluid.

1 6. A method as in Claim 1, wherein the phase transition of the solvating organic material is

2 effected by lowering the temperature or the pressure of the supercritical fluid or both.

-16-



silsequioxane), both silicone-based polymers. Additional polymers and other materials may be selected
by those skilled in the art. Exemplars of solvents 50 and 50+52 include CO2, water, acids, nitrogen,
argon, xenon, propane, ammonia, isopropanol, methanol, alcohol, ethers, acids, amines, DMSO
(dimethylsulfoxide), NMP (N-methyl-2-pyrrolidone) and IPA [N-(3-methyl-2- butenyl) adenosine]. [0049]
Particylar gmbodimggisdsf Aben ayemtionaiersipsebpdpereitlbisdothe ndersiaaddiahtheriavantion is
not limited in scope thereby. The present invention includes the described embodiments and any
modificatiafrard BARINBIRNGS tRe\@IRMBYitAEfellPwiRG claas iererd. MitdAdl.1IS CLAIMED IS: 1 1. A
method of producing a very thin, dense film on a surface of a porous, organic material- 2 containing
structure having one or more pores open at its surface, the open pores rendering the 3 surface
non-smooff, comlgrigoncgl:cgr%gu actig thﬁ]g,%f%ﬁg vgi]ﬂb% sy ercritical fluid that includes a solvent for the
material 5 Under ¢ONAMIONS SUTCreNt to initiate sglvatlon Of the surface and of the walls of pores open at
6 the surface; and then 7 effecting a phase transition of the solvating organic material at the surface to
form a thin, 8 dense, pore-free film thereof on the surface, thereby covering the open pores and

rendeting the 9 RGeS HR{HRIM B, WaidbebancomBmists whersiAft parermesrenighthe solvent.

1 3. A method as in Claim 1, wherein the supercritical fluid and the solvent are separate
2 dense film.

1 10. A product as in Claim 9, wherein the product is a constituent of an integrated circuit, the

2 conductive layer being a line, pad or electrode thereof.
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2 entities. 1 4. A method as in Claim 3, wherein the supercritical fluid and the solvent contact the 2
surface substantially simultaneously. 1 5. A method as in Claim 3, wherein the solvent contacts the
surface after initial contact 2 thereof by the supercritical fluid. 1 6. A method as in Claim 1, wherein the
phase transition of the solvating organic material is 2 effected by lowering the temperature or the pressure

of the supacritical fuithoa bofod.Cirfk Meihochas iR Glafmmloherein.the RiyaseUTADSItigiIGf e Solvating

organic material is 2 effected by adding to the supercritical fluid a non-solvent for the material. 1 8. A

produgt resuifingireredie Mathaa of Ehaimeliadd AWt Asire iR Loprhishifusthareomerises a

layer of conductive material on the 2 dense film. 1 10. A product as in Claim 9, wherein the product is a

constitueny prapoirieaiaiegneiigditutiie 2 ransetive @yepiging a line, pad or electrode thereof. 1 It. A

method of producing a very thin, dense film on a surface of a porous, low-dielectric 2 constant, organic

materipl-containing dayein b aNdg ane: A ifAQreuperas RREMAY iftas iitdedesthe o B OREV A /RNEEriNg the
surface non-smooth, comprising: 4 contacting the surface with a supercritical fluid that includes a solvent

for thg matgidel & hmeensoneitRns wutficiasttavniiate Sal atigncefiesuraca aner obide yyalsof pores
open at 6 the surface; and then

6  the surface; and then

7 effecting a phase transition of the solvating material at the surface to form a thin, dense,

8  pore-free film thereof on the surface, thereby covering the pores and rendering the surface

9  smooth, the dense film being sufficiently thin so as to not significantly increase the dielectric

10 constant of the layer.

1 12. A method as in Claim 11, wherein the supercritical fluid is the solvent.

1 13 A method as in Claim 11, wherein the supercritical fluid and the solvent are separate
2 entities.

1 14 A method as in Claim 13, wherein the supercritical fluid and the solvent contact the

2 surface substantially simultaneously.

1 15. A method as in Claim 13, wherein the solvent contacts the surface after initial contact

2 thereof by the supercritical fluid.

1 16. A method as in Claim 11, wherein the phase transition of the solvating organic material is

2 effected by lowering the temperature and/or pressure of the supercritical fluid.
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7 effecting a phase transition of the solvating material at the surface to form a thin, dense, 8 pore-free
film thereof on the surface, thereby covering the pores and rendering the surface 9 smooth, the dense film
being sufficiently thin so as to not significantly increase the dielectric 10 constant of the layer. 1 12. A
method as in Claim 11, wherein the supercritical fluid is the solvent. 1 13. A method as in Claim 11,
wherein thezsuperciiticabiuidiradathe solveRtaraRepriierdn8nBiest thd doWametRpdaat imiedainn id 3,
wherein the supercritical fluid and the solvent contact the 2 surface substantially simultaneously. 1 15. A
method asifetil@imylaidierendRepalyRih Fantactadhe snircR AftRIRitialgontact 2 thereof by the
supercritical fluid. 1 16. A method as in Claim 11, wherein the phase transition of the solvating organic
material is 2 effected by lowering the temperature and/or pressure of the supercritical fluid. 17. A method
as in Claim 11, wherein the phase transition of the selvating, organic material is effected by adding to the
supercritica Tluid% %’ﬁ}}s%{,é;sﬁﬁ for %mm%l ewgfgoﬁgiwp%%gagt resulting from the method of Claim 11. 19.
A product as in Claim 18, which further comprises a layer of conductive material on the dense film. 20. A
product as in Claim 19, wherein the product is a constituent of an integrated circuit, the conductive layer
being a Iiné?-pad Arepshiebaeithelaign 18, which further comprises a layer of conductive material on the

dense film.

20. A product as in Claim 19, wherein the product is a constituent of an integrated circuit, the

conductive layer being a line, pad or electrode thereof.
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