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This application is a continuation-in-part of U.S. provisional
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10 incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention .
15 The present invention relates to electron-beam processed films for

microelectronics structures, such as integrated circuits (“IC”). More
particularly, this invention relates to an improvement in the method of
processing such films which results in uniform, dense films, some of which
also possess a low dielectric constant and a low wet etch rate.

20

2. Background of the Invention

Various devices, such as multichip modules, printed circuit boards,
high-speed logic devices, flat panel displays, integrated circuits and other
microelectronics devices, require deposited or spun-on dielectric films.

25 One commonly used technique to produce such a desirabie film
onto a substrate involves thermal anneal or thermal cure at a temperature
range between 350 °C and 900 °C for about 1 hour. See “Spin/Bake/Cure
Procedure for Spin-On-Glass Materials for Interievel and Intermetal
Dielectric Planarization” brochure by AlliedSigna! Inc. (1994)(thermaily

30 cured spun-on films) and Kern, W., “Deposited Dielectrics for VLSI,” 8(7)
Semiconductor International 122 (July 1985)[*Kern”’]; Gorczyca, T.B., et
al., “PECVD of Dielectrics,” 8(4) VLS| Electronics Microstructure Science
(New York 1984)["Gorczyca”), and Mattson, B., “CVD Films for interlayer
Dielectrics,” Solid State Technology 60 (Jan. 1980)[“Mattison’}(thermally
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often leads to electrlcal and mechanical reliability failures. In addition, the
thermally cured SOGSs’ instability to oxygen plasma also contributes not
only to manufacturing difficulties such as delamination, but aiso to

10  physical, mechanical and cosmetic deficiencies in the final product such
as increased porosity, increased shrinkage, and poor planarization.

Second, the use of such high temperatures for curing silicate SOGs -
also causes the oxidation and degradation of silicides. This often leads to
device failures caused by silicide degradation or deg(adation of the

15 shallow dopant profiles in advanced ICs. Further, the presence of this
oxidized surface layer disagvantageously affects the overall electrical
performances of the IC by increasing the resistance or removing the
electrical contact to silicides as well as by contributing to degradation of
interconnections between transistors.

20 . In applications wherein the substrate is coated with a CVD film, an,
additional annealing step at high temperatures up to about 1000 °C is also
required in order to improve the quality of the CVD film. However, this
leads to complications and device failure problems such as silicide
degradation, hot carrier degradation, device instabilities, and the like.

25  Though these difficulties are simitar to those observed with thermal
processing, the magnitude of the effects is greater because the
temperaturés involved are significantly higher.

In growing ultra-thin gate oxides and nitrides on substrates, one
known problem is the inability to control the uniformity of their growth.

30  Prior art methods for growing such oxides employ single wafer Rapid
Thermal Processing systems (“RTP") or furnaces as described in, for
example, Sheets, R., “Rapid Thermal Processing Systems,”

4
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anneal ed chem cal vapor deposited ("CvD') filns). However, several

di sadvant ages are associated with thernmal processing. In
applications wherein a spin-on glass film("SOG') is spun onto a
substrate, siloxane-type SOGs are susceptible to damage by oxygen 5

pl asmas. Duri wep wmbssequent | C processi ng, SOGs whi ch have bf8fusesnssrs
damaged by oxygen plasma are prone to outgassing of noisture, which
often leads to electrical and nechanical relidbility failures. In addition,
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such as silicide . .

such fluorine-doped oxides are usually unstable and susceptible to
degradation in moist and oxygen plasma environments.
Although a lower dielectric constant may be abtained by using $pin-

15 on polymer-containing films (“SOPs™), such films pose great challenges
for process integration due to their poor thermal stability, their tendency to
degrade when exposed to oxygen plasmas, and their tendency to
decompose at temperatures typically used for metal layer deposition in
ICs. Furthermore, the fowest dielectric constant that can be achieved for

20 SOGs which have been thermally cured is typically only about 3.8 - 4.1,
Such dielectric values may not be suitable for the end uses of the next
generation microelectronic applications due to more stringent controls on
mechanical and electrical effects such as capacitance that are becoming
more critical as device dimensions are reduced.

25 It would be desirable to provide an improved process for rapidly
processing dielectric film coatings on substrates at low temperatures
which would result in a product that was thermally stable and insensitive
to oxygen plasma. 1t would also be desirable to provide a uniformly dense
SOG or CVD material possessing a low dielectric constant. Moreover, it

30  would be desirable to uniformly grow ultra-thin gate oxides on substrates.
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and :

(b) exposing said dielectric material to electron beam radiation
under conditions sufficient to cure the dielectric material.

In accordance with another aspect of this invention, there is

10 provided an improvement in the annealing of a substrate coated with a
chemical vapor deposited material comprising: .

a) applying to the surface of the substrate the chemical vapor
deposited material, and _ _

b) exposing the chemical vapor deposited material to electron

15 beam radiation under conditions sufficient to anneal the chemical vapor
deposited material.

In accordance with another aspect of this invention, there is
provided an improvement in the growth of ultra-thin film oxides or nitrides
on a substrate comprising:

20 a) exposing a surface of the substrate to electron beam
radiation in the presence of a material in a gaseous state and under
conditions sufficient to ionize the material and promote an oxidization or
nitridation reaction on the surface of the substrate.

In accordance with yet another aspect of this invention, there is

25 provided a substrate coated with an electron beam processed fitm
praduced according to the above processes.

In accordance with another aspect of this invention, there is
provided a process for reducing the dielectric constant in dielectric film
and chemical vapor deposit film coated substrates comprised of exposing

30 said film to electron beam radiation under conditions sufficient to pfocass
said fitm.
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BRIEF DESCRIPTION OF THE DRAWINGS
The invention will be more fully understood and further advantages
will become apparent when reference is made to the following detailed
description of the invention and the accompanying drawings in which:
20 FIG. 1 is a graph of absorbance versus wave number (cm™) fof the

Fourier Transform infrared Spectra (“FTIR’) of siloxane SOG coated
wafers which were either hot plate baked, thermally cured or electron-
beam cured. |
FIG. 2 (a) and (b) are graphs of absorbance versus wave number (
25 cm™) for the FTIR spectra of siloxane SOG coated wafers cured with
slectron beams at various beam doses and cure temperatures.
FIG.3is a graph of percent film shrinkage versus electron beam
. dose (uC/cm?) for siloxane SOG coated wafers cured via thermally and by
electron beam radiation.
30 FIG. 4 is a graph of percent film shrinkage versus electron beam
energy (KeV) for electron-beam cured siloxane SOG coated wafers.



4 SUWMMARY OF THE | NVENTI ON In
accordance with this invention, there is provided an inprovenent I n
the curing of a dielectric material on a substrate conprising: 5

(a) applying to a surface of the substrate a dielectric materi al; and
(b) exposing said dielectric material to el ectron beamradiation

under conditi wonsestd i cient-to cure the dielectric naterial PCT/US96/08678 I n
accordance with another aspect of this invention, there is 10 provided an
i mprovenment in the annealing of a substrate chated with a chemi cal

vapor deposited material FIGMBls aigrgph of wet etch rate (Afsec) inchyfieyadgkidenetche
surface of the substrate the chem cal i

b)  exposing the cHe®Q&") va&ider @EMK’%@%@@?@@%%%)@;%F%&WLX'B%Q%
radi ation under condykieps\gnd it lettBR bekM cRFEFSOG! dttited Wifeftds & Rltetion of

deposited material .

electron beam dose (:Clcm?).

5 FIGs. 6 (8) - (d) are graphs of wet etch rate (A/sec) in B.O.E. 50:1
as a function of the depth of film thickness (3) for electron-beam cured
SOG coated wafers.

FIG. 7 is a graph of the wet etch rate (&/sec) in B.O.E. 50:1 as a
function of the depth of film thickness (A) for electron-beam cured SOG
10 coated wafers at various degrees of electron beam energy (KeV).
FIG. 8 is a graph of absorbance versus wavenumber (cm'™) for the
FTIR spectra of electron-beam cured SOG coated wafers after co_mpl_étion-
of various stages of processing.
FIG. 9 is a graph of absorbance versus wavenumber (cm™) for the
15 FTIR spectra of a thermally cured SOG film and for an electron beam
cured SOG film which were both exposed to post cure ambient conditions.
FIGs 10 (a) and (b) are graphs of absorbance versus wavenumber
(em™) for the FTIR spectra of slectron beam cured SOG coated wafers
after electron-beam cure, as well as after electron beam cure followed by
20 immersion in.water, respectively. |
FIG. 11 is a graph of absorbance versus wavenumber (cm™) for the
FTIR spectra for aged films cured with electron beams in the presence of
various gases. '
FIG. 12 is a graph of cumulative probability of time to breakdown
25 ("QBD”) versus time to breakdown (seconds) of a gate oxide with a tetra-
ethyl orthosilicate (*TEOS")-capped electron-beam cured SOG.
FIG. 13isa graph of depth (microns) versus concentration
{atoms/cc) for secondary ion mass spectroscopy (“SIMS”) depth profile
analysis for Na, K, H, C, and O impurities though the said oxide thickness.
30
DESCRIPTION OF THE PREFERRED EMBODIMENTS




I n accordance with another aspect of this invention, there is provi ded
an i nprovenent in the growh of ultra-thin filmoxides or nitrides on
a substrate conprising: 20 a) exposing a surface of the substrate
to el ectron beam radiation in the presence of a material in a gaseous
state and under conditions sufficient to ionize the material and
pronote an oMaQ$7H9835 on or nitridation reaction on t hePCVPEBETHf t he
substrat e. In accordance with yet_anot her aspect of this

i nvention, there is 25 provided a substrate foated with an el ectron beam
processed film pr od Uniessandicated oliretwise, Hall rafevemcgsieceis sesspecified in

I n accordance with another_aspect of this inventio th IS provi ded
a process for reducWRigTthePE? IE}?&{SFF@e%?@?%HP??rHOgpﬁ?se%{q??%mf‘iqeﬁf" and
chem cal vapor depogadiafibh.m coat ed substrates conprised of exposing 30
said filmto electron beamradi ati on under conditions sufficient to process
said film Various materials may be applied onto the substrates of the

' 5 present invention via “spinning-on”, CVD, or growing techniques.

Suitabie dielectric materials or SOG which may be spun-on to
substrates include silicates, phosphosilicates, siloxanes,
phosphosiloxanes, and mixtures thereof, Siloxanes are preferred. More
preferable siloxanes are amorphous, crosslinked glass-type materials

10 having the formula SiOx wherein x is greater than or equal to one and less
than or equal to two, and possess a “pre-exposure” content, based upon .
the total weight of the siloxane materials, of from about 2 % to about AQO%,
and preferably from about 10% to about 25% of organic groups such as
alkyl groups having from about 1 to about 10 carbons, aromatic groups

15 having from about 4 to about 10 carbons, aliphatic groups having from
about 4 to about 10 carbons, and mixtures thereof. Optionally, the
siloxane and silicate materials may also contain, based upon the total
mole percent of the dielectric materials, from about 0% to about 10%, and
preferably from about 2 % to about 4% phosphorus.

20 Preferred siloxane materials suitable for use in this invention are
commercially available from AlliedSignal Inc. under the tradename
“Accuglass™®.

Suitable siioxane materials contain about 100 parts per billion or
less, preferably 50 parts per billion or less, and more preferably 10 parts
25  per billion of less of trace element impurities such as sodium, potassium,
chiorine, nickel, magnesium, chromium, copper, manganese, iron,
calcium, and the like, and preferably have a molecular weight between
from about 300 to about 50,000, and more preferably from about 500 to
about 10000 molecular weight units.



I n accordance with another aspect of this invention, there is provi ded

a process for producing silicon rich filnms fromchem cal vapor deposi t
coatings conprised of exposing said coatings to el ectron beam
radi ati on under conditions sufficient to process said film 5 In

.yet anot her enbodi nent of this invention, there is provi degﬁ@ 0

m croel ect r orw@9Tk®sisce contai ning a substrate coated with TUPBOBETE -
beam processed film wherein the dielectric cogstant of said electron-
beam processed filmis | ess than about 3. The el ectron-beam
processed filns of this |'ﬁh&deleotmcm)atenallmasﬂbﬁapld@ddnsugﬁtaleﬁ yiaf orm a
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DESCRI PTI ON OF THg %@g The invention will be nore fully
under st ood and furtﬁgﬁ %etdaTechnologieW | 1| becone apparent when reference

is made to the follow ng detalled description of the invention and the
acconpanyi ng drawi ngs i n Ving thickness of the dielegtric film gnsthg sybsisste sMaya¥Riyr bance

versus vave nurber ( aLatdibd ulefinb Whount of SO ickla thEAR AR 10 \h A lrate

Spectra ("FTIR') of oxa were €ei
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2 (a) and (b) are graphs of apsorbance v us wave
for the FTIR spect raa Fpﬁf?’@?gﬁ@%ﬁﬁ’@&?ﬁgi @%@dﬁ)@ gmount ég%?@ct ron
beans at vari ous jgeafp,dasppicd the'sGbdtrRiiP fiah vahASetween from about 1 ml to about

10 ml, and preferably from about 2 m| to about 8 m.

in a preferred embodiment, the sifoxane material is centrally
applied to a substrate, which is then spun at speeds ranging bétween
about 500 and about 6000 rpm, preferably between about 1500 and about
15 4000 rpm, for about 5 to about 60 seconds, preferably about 10 to about
30 seconds, in order to spread the solution evenly across the substrate
surface.

Suitable materials which may be deposited onto substrates via
CVD include plasma-enhanced tetra-ethyl ortho silicate ("PETEOQS”),

20 silane based oxides such as silane and di-silane, boron-phosphosilicate
glass ("BPSG”), phosphosilicate glass (“PSG”), nitrides such as silicon
nitride (SiN) and non-stoichiometric mixtures therewith, anhydride films,
oxynitrides such as those deposited with silane (SiH,), ammonia (NH;),
nitrogen, and nitrous oxide (N,0) and mixtures thereof, and borophospho

25 glass from tetrasthyl orthosilane (“BPTEQS"), and mixtures thereof,
Silane-based oxide films are preferred.

The CVD film may be applied to the substrate in the presence of a
gas via conventional CVD methods well-known in the art. Details of such
methods are well known in the art and are described in, for example,

30  Gorczyca; Kern, and Mattison, which are incorporated herein by



FIG 3 is a graph of percent filmshrinkage versus el ectron beam dose
([err]/cm[err] for siloxane SOG coated wafers cured via thermally and by

el ectron beamradiation. 30 FIG 4 is a graph of percent film
shrinkage versus el ectron beam energy (KeV) for electron-beam cured
si | oxane SOG coat ed wafers.

6 WEBTI0SES | s a graph of wet etch rate (Asec) inPETUSE/BEISox| de
etch ("B.OE") 50:1 for thermally cured_ SOG coated wafers, for

t'her mal oxi de waf ers and for el ectron b ured SOG coated wafers as
a function of defarencs \@ @ppqr)sdepgn s upon the tyge g
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function of the dep t ness el ectron-beam cur ed
SOG coat ed wafers. oxygen, or a mixgireof oxigenasiiane @hd eptionally wihorane (1Butdd’ e

() °Tol el ect ron: boasiNoR (248, oEfieER oRite CABCEE Bl pifereblyf e o7

el ectron beam energy (KeV).
. 5 The amount of CVD coating deposited onto the surface of the

substrate is proportional to the film thickness desired and may range from
about 1000 A to about 30000 A, and preferably from about 3000 A to
about 8000 A. The amount of CVD applied to the substrate may vary
according to the film thickness desired. Gas flows required to obtain

10 these thicknesses are described in Kemn; Gorczyca; and Mattison.

Typically, the SOG or CVD films are applied onto, and the ultra-thin
oxide or nitride films are grown on a wafer or other planar substrate, such
as silicon wafers which have a circuit pattern on their surface, to be '
processed into ICs or other microelectronic devices. Typically, the

15 diameters of the substrates range from about 2 inches to about 12 inches,
although the present invention would still be effective for larger
substrates.

Optionally, the pre-cured SOG-coated substrate may be heated at
a temperature of about 50 °C to about 250 °C for about 1 to about 3
20 minutes. In a preferred embodiment, the pre-cured SOG is first heated at
about 50 °C for about 30 seconds to one minute, then heated at about 150
°C for about 30 seconds to one minute, and heated a third time at about
250 °C for about 30 seconds to one minute. The pre-cured liguid SOG
material partiaily crosslinks and solidifies as a result of such heating.

25 The SOG coated substrate is cured by exposing the surface of the
substrate to a fiux of electrons while in the presence of a gas selected
from the group consisting of oxygen, argon, nitrogen, helium and mixtures
thereof, and preferably oxygen, argon, nitrogen, and mixtures thereof.
Nitrogen gas is more preferred.



FIG 8 is a graph of absorbance versus wavenunber (cnferr]) for the
FTIR spectra of el ectron-beam cured SOG coated wafers after conpl etion.

of various stages of processing. FIG 9 is a graph of

absor bance versus wavenunber (cmf[err]) for the 15 FTIR spectra of a
tthermally cured SOG filmand for an el ectron beam curepﬁ@%yq whi ch
were bot h expd¥eHOPBS post cure anbi ent conditions. 0 (a)
and (b) are graphs of absorbance versus vvaveng@ber (cnerr]) for the
FTIR spectra of el ectron beam cured SOG coat ed wafers after

el ectron-beam cure, as welhe temperature atwhich e aleciionhaeam exposuinds condurted
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about 40 miorr.

The period of electron beam exposure will be dependent upon the

10 current density and the beam dosage to be applied to the substrate. One
of ordinary skill in the art can readily optimize the conditions of exposure
to get the claimed results, but generally the exposure will range from* ‘
about 2 to about 45 minutes, and preferably from about 5 to about 25
minutes with application of an electron beam dose of about 1000 to about

15 50,000, preferably from about 2500 to about 10,000 uCicm®. The
accelerating voitage of the electron beam may vary from about 1 to about
25 KeV. The amount of dose and the accelerated voltage selected will be
dependent upon the characteristic and thickness of the films to be
processed.

20 The coated SOG substrate may be exposed to electron beams in
any chamber having a means for providing electron beam radiation to
substrates placed therein. Typically, the chamber is aiso equipped with a
means for emitting electrons into a gaseous atmosphere comprising
oxygen, argon, nitrogen, helium and mixtures thereof, and preferably

25 oxygen, argon, and nitrogen, simultaneously with elsectron beam
exposure.

In a preferred embodiment, the coated SOG substrate is placed
into a chamber which is commercially available from Electron Vision, San
Diego, California, under the tradename “ElectronCure™™, the principles of

30 operation and performance characteristics of which are described in U.S.



7 Unl ess indicated otherwise, all references herein are
specified in wei ght Dose as used herein shall refer to doses of

el ectron beam radi ati on. Various materials may be applied
onto the substrates of the 5 present invention via "spinning-on, CVD, or
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materials, of from aﬂé n@y@f@@t%aﬁgtg%{%nabouﬁéﬁﬁ ewgrs%?%l?‘%?ﬁ'about
10% t o about 25% of organic groups such as al kyl groups having from
about 1 to about 10 car b@imilarly, QWD coated filmssaré annéaled via the samalprotess and

about 10 carbons,_aliphatic groups.having from abo 4 to about 10
carbons, and ni xtur e'é'?‘{]eﬁéﬂeeﬁg'?e @ﬁ}mm@sﬁespﬂtéedfor curing gégrf?a&ﬁﬁ silicate
materials may al so cgisihfes. Pased upon the total mol e percent of the
dielectric materials, fromabout 0% to about 10% and

For applications in which ultra-thin gate oxides or nitrides are
grown on substrates, the type of film which is grown depends upon the
composition of the substrate and the substance grown in the gaseous

10 state selected. Any compositions such as gallium arsenide (GaAs) or -
compositions containing silicon such as crystalline silicon, polysilicon,
amorphous silicon, or epitaxial silicon, and preferably silicon dioxide
(Si0,) are suitable substrate materials. The growth of the oxides or -
nitrides occurs in the presence of oxygen, ammonia, riitrogen, nitrous

15  oxide, and reaction products and mixtures thereof in the form of a gas, a
sublimed solid or a vaporized liquid. Oxygen gas is preferred.

According to the present invention, the oxide or nitride ultra thin
film layer is grown on the substrate surface simultaneously with the period
in which it is exposed to electron beams in the presence of agas. The

20  period of electron beam exposure occurs for a time sufficient to ailow the
gas to both ionize and react with the compounds present on the surface of
the substrate. The thickness of the grown films may range from about 10
A to about 1000 A, and preferably from about 50 A to about 80 A.
Otherwise, the process and conditions for growing stich oxide or nitride

25 uitra thin film layers are similar to those described for curing SOG coated
substrates. As a result, both the uniformity of the composition and
thickness of the ultra-thin oxide or nitride films grown on the substrate is
improved.

As a result of exposing a coated substrate to electron beam
30 radiation according to the present invention, the films produced thereon



preferably fromabout 2 %to about 4% phosphorus. 20 Preferred

siloxane materials suitable for use in this invention are commercially
avai l able from Al'liedSignal Inc. under the tradenane "Accugl ass”
Suitabl e sil oxane materials contain about 100 parts per billion or

kess, prefera arts per billion or less, and nore pre Jm parts
25 per billi S’kg?ﬁ’gﬁgss of trace elenent inpurities such aspgggg Gw

pot assi um chl orine, nickel, magnesium fﬁhrom um copper, manganese,
i'ron, calcium and the like, ap r ef er a _have ‘a.ml.ecul ar wei ght
bet ween from abﬂ[ﬂuW?tﬁé%(Mf{g%’gW&ﬁ)?e‘% 'W@‘%’?'g?ﬂé?%l 'f r om about
500 to about  10géinp1B] “FTIRBENANRIIDFIpoHS tss there are no fonger CH groups

8 The dielectric material ma ied to substrates via

conventional spi n- coattaohgd tathe bagkbpng of g@ﬁ;}gfﬁ&i cemprntissaftes thay-are ggred
with electron beams. However, Secondary lon Mass Spectroscopy
5 (*SIMS") analysis demonstrates that the carbon remains in the film. In
comparison to thermally-cured coatings which possess oxidized carbon in
the top 0.05 to 0.3 microns of the cured coatings or films, the carbon in
the cured siloxane SOG and carbon-containing SOP coatings of the
present invention is homogeneously distributed throughout the film.

10 The substrates coated with a film processed according to the
present invention may be used for any dielectric and planarization .
application in microelectronics fabrication. One noteworthy charactésisiic .
of the SOG coatings processed according to the present invention is that
they exhibit excellent dielectric properties without having to add additional

15 polymers thereto. Dielectric properties of the SOG or SOP coatings cured
according to the present invention ranged bstween about 2.5 to about 3.3,
and preferably between about 2.9 to about 3.0.

Another noteworthy characteristic of the films processed according

to the present invention is that their density increases significantly as a

20 result of the step of electron beam processing. In addition, the processed
film coatings not only have a wet etch rate in Buffered Oxide Etch "BOE”
50:1 which is comparable to that recorded for thermal oxides, but there
films also are resistant to oxygen plasmas, are able to be chemically and
mechanically polished with good uniformities, and are able to withstand

25 the temperature budget associated with typical W plug processing. More
specifically, the siloxane coatings cured according to the present
invention and subsequently exposed to nitrogen at 425 °C for one hour
shrunk only 4%, and no additional shrinkage occurred when the films
were exposed for up to 1 hour at 700 °C.



met hods wel | -known in the art. Details of such nethods are described in,
for exanple, "Processing Equi pment and Automated Systens", brochure 5 by

| nt egrated Technol ogi es. The thickness of the dielectric film
on the substrate may vary dependi ng upon the amount of SOG Iiquid that
.is applied to the substrate, but typically the thi ckneagussgwsstange
from about S5H®BYMHB5about 20000 A, and preferably from about 3000 A to
about 9000 A The ampunt of SOG 10 liquid appl.ied to the substrate may vary
"bet ween fromabout 1 m to about 10 m, Bnd preferably fromabout 2 m
to about 8 nl. For depositexreddes| the ipventidh peavidestahmeans for aresating

material is centrall . lied to substrate lch is th spun at
speeds rangi ng bet vveé?f‘s'ﬁea fﬁ’ﬁg&i‘}ﬁ"ﬂbﬂ“@ﬂﬂ”ﬁglﬂ%‘ﬁe’@%\é@qfﬁﬁ"“ﬁ?’éf S&iﬁl y

bet ween about 1500 aggboFRamy, iddex cfpSadtibanbipsis aev@als that theaBout oft0 seconds,
preferably about 10 to about onds, in order to spread the

30 second L

sol ution evenly acro38nqaliag SYBfilmgcomprised of PEEEQS according to the progess ab) e
mat eri al s which y ' : I ' : %
pl asna- enhanced {Tgt rgﬁﬁﬁﬁﬁﬁ@ﬂ%&g%ﬁ %g{&gﬁ (@ﬁﬁﬁ’ﬂ&ﬁﬁh '5215'0 Sl I%mn%hﬁas hd
oxi des such as si | anethankhain meérsin the artauch Be splicaliorcaf the gas ratipsadiging
("BPSG'), phosphosilicate gl.ass (,"PSG ni.trides.such a 1 1ico
b tride (SN and noliLogepnRE Mermahpndning THE iomArEy bepeficel berase,
oxynitrides such as ph@sgilidePAch s \dré Rnein B1Pedept ¥, invetson iahd (HYH3)
ni trogen, and nitrous oxide (N&;{[r] 0) and m xtures thereof, and borophospho
25 gl ass fromtetra8ERlen degradatiq as: BPTEOS"), and mi xtures thereof,

10 Mareover, not only are the temperatures at which the processing of

the present invention occurs significantly below those employed in prior
* art thermal curing or annealing processes, but the time for curing or

annealing such films is also significantly reddced.

The use of this invention also results in an improved ultra-thin film
15 oxide or nitride coating for substrates whereby the growth of such oxides
or nitrides may be controlied.

The present invention may be incorporated into several known
processes such as: 1) disposable post processing; 2) conventionally-
etched contact processing; and 3) inter-metal dielectric processing.

20 . The following non-limiting examples illustrate the effect of exposing
coated substrates to electron beam radiation in order to create a film
having improved characteristics thereon.

The films produced in the following examples were analyzed
according to the following test methods:

25 1) Film Thickness: Using a calibrated Nanospec ® AFT modetl
010-180 computerized Film Thickness Measurement System available
from Nanometrics, Co., wavelengths from about 480 nm to 790 nm were
scanned through the wafer and converted to Angstroms (A) via its internal



Si | ane-based oxide filns are preferred. The CVD filmmy be

applied to the substrate in the presence of a gas via conventional CVD
met hods wel |l -known in the art. Details of such nmet hods are well known
in the art and are described in, for exanple, 30 Gorczyca; Kern, and
Mattison, whi | ncor porated herein by PCT/US96/08678

9 refere%eq.%}%% gas selected for CVD applications depends upon the
type of filmdesired, but typically suchlgases include a m xture of

TECS and oxygen [ XL UL f..Qxvgen. .silane and optionall

di borane ("B2H err]" ??'%P”‘%"%é%‘ﬁ%ﬁ"%@‘s?”%%é"?‘,ﬁ%ﬁr ﬁY? Q%Efse%giﬂcaﬁ"?y?\ﬁkﬁ‘% ,
and preferably TEGCS. wafer, then thesélfive ¥alusstwepré atdfgsdat i ng deposited onto the
surface of the substrate is proportional to the filmthickness desired

and may range from out 10 A fo.about 30000 A, gnd preferably from
about 3000 A to aboﬁf) ﬁetﬁ?"gg 'ﬂéhﬂﬁfﬂﬂﬂ' ﬁ?’s é?p‘g?t?'é'gd?@"'l @ gatio of
substrate may vary thickness measurements obtained according to the procedure described

5 inFilm Thickness and recorded after various processing steps.

3) Wet Etch Rate Determination: Details for conducting this test
are set forth in “Relative Etch Rate Determination”, a report by
AlliedSignal Inc., Advanced Microeiectronic Materials Division (November
30, 1995). |

10 4) Dielectric Constant: The dielectric constant of SOG films is -
determined by the standard capacitance-voltage ("CV”) curve technique,
using metal-oxide semiconductor (*"MOS”) capacitor structures as would
be used for any other dielectric thin films. The dielectric constant is
calculated from the C(max)/C(oxide) derived from the CV curve, thickness

15  of the film being measured, and the capacitor plate (Al dot) area.

A Hewlitt Packard Model 4061A semiconductor measurement
system consisting primarily of a sensitive multifrequency (10 Khz -10 Mhz)
Induction Capacitance and Resistance ("LCR") meter, current and voltage
sources, ramp generator, and picoammeter was used to measure the CV

20 curve of dielectric films. The measurement, calculation, and plotting
functions are carried out by a dedicated Hewlitt Packard microcomputer
through an IEEE-488 standard interface bus. Substrates are probed on a
manual probe station placed inside a metal dark-box. Further details of
this procedure are set forth in “SOG Dielectric Constant Theory”, report by

25  AlliedSignal inc., Advanced Microelectronic Materials Division (January 3,
1985).

5) Index of Refraction: This value is determined using a
calibrated AutoEL 1I® Revision 307 ellipsometer available from Rudolph
Research. Calibration and measurement procadures are described in



according to the filmthickness desired. Gas flows required to obtain 10
these thicknesses are described in Kem Gorczyca; and Mattison.

Typically, the SOG or CVD filnms are applied onto, and the ultra-thin

oxide or nitride filnms are grown on a wafer or other planar substrate, such
.as silicon wafers which have a circuit pattern on their Suydrasesosts be
processed i nW@MB¥3%r ot her microel ectronic devices. Typically, the 15

di aneters of the substrates range from about 2 inches to about 12 i nches,
-al t hough the present invention would still bel%ffective for Iar ger

subst r at es. “AutoElci Reyisien $07 Elliesqmetectaltyatinnnd Maintenanss’ Fepost may
be heated at . . 0. ¢
Sbout 1 to about 3 2B7 NISHSIHER 1, Abebiced ERblekol Mghls BiisbE Ll '

SOGis first heated 8§:1995). about 50 [err]C for about 30 seconds to one
m nute, then heated at about 150 [err] C for about 30 seconds to one

m nut'e, and heated a thir ' r . a . 30
seconds to one minute. Th@ %#@%ﬁ'@@%@hﬁ“&"&fﬁ&m“@&é‘%ﬁ ﬁﬁ{'?ral |y
cross]inks and sobi dirahgermpifrarécespéctrunl arsiiels roesidls nidratiods of atoms inThe SOG
coated substrate is cured by exposing the surface of the substrate to

h
a flux of electrons fefacklesn G '%Q%BﬁEEatGWsQa@@?@P@éiﬁ%Vibr ationf y om t he
group consisting of g%ﬁé?ﬁieswmpeﬂ%}si irP@iftErent SInpbiing8.d Dtalls $UES as the

t hereof, and prefera oxygen, argon, nitrogen, ‘and m xtures thereof.
Ni t rogen gas is nor efrpgusiney position of infrared bands characteristic of some organosilicon
groups, are described in, for example, Launer, “/nfrared Analysis of
10  Organosilicon Compounds: Spectra-structure Correlations”, (Burnt Hills,

New York, 1980).

7) Contact Resistance: Contact Resistance procedure is
described in Loh, W, M., et al., “Modeling and Measurement of Contact
Resistances” IEEE Transactions Electron Devices 512 (March 1987).

15 8) Device and Field Threshold Voltages and Transistor
Voltages (Vts): These voltage measurements and techniques for
obtaining such measurements similar to those employed in the Examples
are described in Andoh, T., et al., "Design Methodology for Low Voltage
MOSFETS’ Int'l. Electron Device Mesting (Dec. 1994).

20 9) Time to Breakdown (“QBD"): This procedure is described in
Grove, Physics & Technology of Semiconductor Devices, Section 10.5
(New York 1867); Chen, K.L., et al., Tech. Digest IEDM 484 (1986).; and
Rountree, R.N., Tech. Digest IEDM 580 (1988).

10) Via resistance: Via resistance was measured using
25 technigues described in *Pre-sputter Degassing Treatment ih Via Contact
for Via Reliability Enhancement in Spin-On Glass Planarization Process”
for VLSI/ULSI Multileve! Interconnection Conference (Feb. 1995).

11) Resistance and Silicide Resistance: Silicide resistance was
measured using techniques described in Shimizu, S., etal., "0.75 um



10 The tenperature at which the el ectron beam exposure is
conduct ed w Il depend on the desired characteristics of the resulting
filmand the | engt h of desired processing tine. One of ordinary skill
in the art can - readily optim ze the conditions of exposure to get the
claimed results but 5 the tenperature will generally be pariRoi@nge of
about 25 [ er M@¥W@532bout 400 [err]C. The pressure during el ectron beam
curing will range between from about 10 ntorr to about 200 morr and
-preferably fromabout 10 ntorr to about 4® ntorr.

peri od of el ectron b&MO8rocassfontiioh P@@Wﬁ”’%&ﬁ”@#@%ﬂfﬂemﬂ%ﬁt
density and the beamﬁ&?ﬁﬂ%&v&e@ﬁ%ﬁﬁ'@( g jdo4. he substrate. One of

ordinary skill in theart can r i mz€ the conditions of exposure
to get the clained results, but generally t he exposure will range from
about 2 to about 45 m nut ¢2), Secahdaryfien Mass Spectnostopy (“SIMS” ) bSIMS 25

m nutes wth applicatio ron be m dose ofg?bout 1000 to %ut 15

f | ect
50,000, preferably fPHﬁ&ﬁ'gé‘(ﬁ%q’?gég 6*955'86 9 preseeq Fitace slqpentsin S
accel erating vol t 8ge fiths, { Fifst &the SO AINARER THYas(REY udifd 8 'CHRMte SIMP eIt

having ppb detection limits. The use of the resistive anode encoder
(RAE) ion imaging detector receives input from the Cameca device and
compiles data such as trace ion element concentration with time which is
used to generate direct ion maps of any element on the film surface and
10 changes in the lateral distribution of the element as a function of film
depth. i

The SIMS analysis was performed using a PHI-6600 quadrupole .
mass spectrometer in which the film was exposed to oxygen and cesium
primary ion bombardments with a net impact energy of 6 KeV in order to

15 obtain both positive and negative secondary ion mass spectrometries.
The analytical conditions are reported in Table 1.

TABLE 1
Primary ion beam Oxygen Cesium
Primary Beam Energy 6 KeV 6 KeV
Beam current 50 nA 20nA
Raster size 150 x 150um 180 x 150pm
Analyzed Area 45 x 45um 45 x 45 ym
Secondary ion polarity + -
Charge Neutralization on on
Mass resolution 300 ' 300




25 KeV. The amount of dose and the accel erated voltage selected will be
dependent upon the characteristic and thickness of the filns to be

processed. 20 The coated SOG substrate may be exposed to el ectron
beanms in any chanber having a means for providing el ectron beam
radiation to substrates placed therein. Typically, thg-thesheqsi s al so
equi pped wi t PW@9700535 npans for enmitting el ectrons into a gaseous atnosphere
conpri si ng oxygen, argon, nitrogen, helium and m xtures thereof, and
preferably 25 oxygen, argon, and nitrogen, st taneously with glectron
beam exposur e. e data haye bgep plotied a8 goRGRIY@HIRR (RtOMEHeM d I8l SOG

substrate is placed de%tg #)ﬂh@ a?’aﬁ’gé}gbm&%?%‘*%f%%ﬂ ﬁJgI dbuﬁ%éb' abl e

fromEl ectron Vision, ornia, u tradename
"El ectronCure”[err], comenpations islbased bn a0elatipesansitivity facfors{RS6s)darived

charagteristics of Wﬂ'ior%r}hg raﬁa@rggsc craf. igﬁ 9m;i>!gntust§1drds of known dose in SiO;. The
5 analytes’ secondary ion counts were raticed to average matrix™ Si signal
through oxide. The reproducibifity of analysis typically is less than +10%
at ion counting rates above 1 x 10°. The sputter depth was calibrated by
measuring a crater depth using Tencor P-10 surface profiler. Additional
specifics of this technigue is further described in brochures published by
10  Charles Evans and Associates (October 1993).

EXAMPLES

Example 1: Preparation of SOG coated Substrate

A silicon wafer having a diameter of 6 inches was coated with a

siloxane SOG available from AlliedSignal Inc. under the tradename

15  “Accuglass™ 311 by dispensing about 3 mi to about 4 mi of SOG onto the
surface of the wafer, which was then spun on a SOG coater track
available from Dai Nippon Screen, Inc. at about 350 rpm for 2 seconds at
72 °F, 20 - 30 mmHg, and a spin cup humidity of 40%. After the coated
wafer was additionally spun at about 3000 rpm for about 20 seconds

20 under similar conditions, the wafer was then heated on hot plates in the
DNS SOG coater track for three consecutive intervals of 120 seconds at
80 °C, 120 °C, and 175 °C, respectively.

Example 2: Thermal Cure of SOC Coated Wafer {Comparative}

A wafer produced according to Example 1 was then cured ina
25 Black-Max-type furace available from MRL Industries for 1 hour at 425
°C and 1 atm in the presence of nifrogen.

Analysis of the resulting coated wafer indicated a film thickness
(post-cure) of 3000 A, a film shrinkage of 7%, and a wet etch rate of about
37 Afsec.



11 Pat ent Nunber 5, 001,178, which is incorporated herein by

ref erence. Thi s chanber beneficially provides a "w de, |arge beant of
el ectrons whi ch may affect an area of fromabout 4 to about 144 square
i nches. Simlarly, CVD coated filns are anneal ed via the sane
-process and _5 _under the sane conditions as described forpébisssasér®’

coat ed A es. For applications in which ultra-thin
gate oxides or nitrides are grown on subggrates, the type of film

‘Wwhi ch is grown depend Nt he COMMOS) fm L s rate and the
substance grown in t FESEEE 218 STot e8¢ =TTy oosi ti ons such as
gal I i um arseni de (&As) or conposi tions cont al ning silicon such as

crystalline silicon, polyWsférsproduced acesrdingito Examplei Twere placexbinteai al
silicon, and preferab ilic di_oxi re suitable

substrate matgri al s. gﬁ"r Ci%blg(rophglemq}@ggaquert%}(p PNYBE occurs in
the presence of OXygﬁﬂeméﬁu %U%&Pﬂéﬁ&to@ﬁél@é{ﬁﬁb’%m@ﬁéﬁ% %Dﬂ'eg@aéﬁ(ﬁ'on

products and m xtures t in the Tormof a gas Ilma i d
or a vaporized |i §ui mZ@nWaﬂcgaﬁonsmﬂfbﬂoe‘lrﬂoéﬂ pClem? and an acceloreting wltaget o

t he present inventio | f|| | ayer is
grown on the substraﬁ'g"g%fqg%ﬁ'i'ﬂﬁh? 8&%&%@#%@%@?%89“ h whi ch
it is exposed to el eekygsn, bﬁmnsanmhydiegw esmvéli: ancgaﬁder%n%ram%rl od of
el ectron beam exposure occurs for a tine sufficient to allow the gas

to both ionize and r 8822400 KeandhapErssHee Hnee AN Hod0MMAT:  ace of

the substrate. The thickness of the grown filnms may range from about 10
Analysis of the electron-beam cured SOG coated wafers indicated

10  afilm shrinkage of 10 - 30%, and a wet etch rate in buffered oxide etch in
50:1 (deionized water: hydrofiuoric acid (*HF”)) solution of 1 - 11. A/séc
depending upon the dose, energy and temperature selected.

FIG 1 illustrates the FTIR spectra for wafers thermaliy cured
according to Example 2 , electron-beam cured according to Example 3,

15 and uncured, i.e. hot-baked, according to Example 1. As evidenced by
the absence in absorbance increases indicating CH stretching modss in
the FTIR spectra of FIG 1 and the homogeneous distribution of carbon as
indicated by the carbon peak in the SIMS spectra of FIG 13, it is apparent
that the composition of the films after exposure to electron beam

20 processing has changed and that the water was not absorbed therein.

Example 4: Wafers Cured at Varying
Temperatures and Doses of Electron Beam

Wafers were produced according to Example 1 and cured
according to Example 3 except that each wafer was exposed to one of
25 four doses of 1000, 3000, 5000, or 10000 uC/cm? at an energy of 10 KeV
under a temperature of either 25 °C, 250 °C , or 400 °C in the presence of

argon gas.

FIGs 2(a) and 2(b) illustrates the FTIR spectra for each of the
wafers produced according to Example 4. As evidenced by the increase



A to about 1000 A, and preferably from about 50 A to about 80A

O herwi se, the process and conditions for grow ng such oxide or nitride 25
ultra thin filmlayers are simlar to those described for curing SOG coat ed
substrates. As a result, both the uniformty of the conposition and
.thickness of the ultra-thin oxide or nitride filnms grown Qgrhitesdseiast rate

i s i mpr¥Q&E0s3s As a result of exposing a coated substrate
to electron beam 30 radiation according to ti‘be present invention, the

fil ms produced theregn

(0] . .
12 are unexpect BABFOMARF? belweaen 3600 and\3700 6y R FRtfed yraferswhichor
exanmpl e, FTIR anal ysygrd 8p8Eédto 1600 ArEECD0AICIcRPat My @8 theiirés Rintperatures

attached to the backbone of SOG starting conpounds after they are cured
with el ectron beans. shawasihydroxgbgroup stretching, whish iSpdicative obibg presenceiohs” )

anal ysi s denonstrate L Gar ' i T I
conparison to ther mfﬁsifn’?t\”%@?%?g’& fﬁﬁgs L@%&%}S B%B?t% m@x%'%}r’tﬁoéﬂb%aﬂ 88'?13 I n
5 equal to or greater than 5000 nC/cm’®, the water in the film can be greatly
reduced or entirely eliminated, as illustrated in Figure 2(b).

Example 5: Comparison of Film Shrinkage
for Electron Beam Cured Wafers at Varying Doses,

Energies and Temperatures and for Thermally Cured Wafers

10 Wafers were produced and cured according to Examples 1 and 3,
then were analyzed for film shrinkage by measuring the film thickness
after bake and electron beam cure.

FIG. 3 illustrates the film shrinkage as a function of electron beam

doses at temperatures of 25°C, 250°C and 400 °C in comparison with the

15 film shrinkage of the thermally cured films. FIG. 4 shows the film
shrinkage versus electron bsam energy. It is apparent from FIGs 3 and 4
that the shrinkage of electron beam cured films is generally greater than
that of thermally cured films. Furthermore, as the dose increases, the film
shrinkage for the electron beam cured films also increases. In addition,

20 the influence of femperature upon film shrinkage was observed only for
films cured with low electron beam doses; however, film shrinkage was
relatively insensitive to variations in electron beam radiation at doses in
excess of 10000 puC/cm? and temperatures above 400 °C.

Example 6: Comparison of Wet Etch Rates for Electron
25 Beam Cured Wafers at Varying Doses and Temperatures

for SOG, Thermal Oxide, and Thermatly-Cured SOG Wafers

Wafers were produced and cured according to Examples 1 and 3,
then were analyzed for Wet Etch Rate.

On an uncoated wafer, a thermal oxide film was grown in a
30 diffusion furnace such as those referenced in Example 2 under a



the top 0.05 to 0.3 mcrons of the cured coatings or filnms, the carbon in
the cured sil oxane SOG and carbon-contai ning SOP coatings of the

present invention is honbgeneously distributed throughout the film 10

The substrates coated with a film processed according to the pr esent
-invention may be used for any dielectric and planarizatio | i cation
in mcroel ecMNEBSf abri cati on. One noteworthy character Ppsﬁ,%sgsmﬁ of the
SOG coatings processed according to the presggt invention is that t hey

‘exhi bit excellent dielectric properties wthout having to add additional 15
pol yners thereto. Di'eMBR@ENrE °BP8§M45§S Ccﬁ“dtag °§%§rﬁr QRUR SLINP RIRSOPET ed
according to the pregeRjgditalgadmow 81 RLrsppinoRen about 2.5 to about 3.3,
and preferably between agoout 2.9 to about 3.0. Anot her

noteworthy characteristic of the films processed accordin

d to th
present invention is thatNetfich f&l@?\@ﬁﬁ‘%ﬁﬁ'ﬂ&dﬁ@ﬁ@ﬁﬁ?fﬂ*fq@gﬁﬁiﬂ iry5(§g a go

result of the step Qﬁﬁlﬂ% LG, il £, I ssed
filmcoatings not on O;I}ﬁ Dg\%é sgd%\t/et e %E}?ﬁ%? idrlﬂ'% t%%ﬁ@%@@bw (}I‘éﬁ:ﬂfecsﬁ aﬁ%’eCE
50: 1 which i s conpareMeheimmersiontin thecsolation foot ta S minates depeteting tpon thb et
films also are resistaﬁlt tto @)éy en plasmas, are able to be chemcally and
mechani cal Iy polishe a(‘ﬁ"f; niformties, and are able to withstand 25
t he tenperature budget associated with typical Wplug processing. Mre

specifically, the sil oxafGchpresegts thewetietah cate versyistdose fer the efeetron beam
Shrunk only 49 - and SERNErs ByAciich e e e BE e S on Bierely Biredaarer
were exposed for up g the bitinaRbxid®Wate?! Wtlievident from FIG. 5 that the wet etch ~
10 rate of SOG coated wafers cured with electron beams is in the range of 3
to 5 A/sec., which is very close to the 3 Afsec etch rate measured for the
thermal oxide wafer, but is considerably iower than the 37 A/sec etch rate
measured for the thermally cured SOG wafers. The low etch rate
demonstrated by the SOG coated wafers indicates that such SOG films
15  are significantly more dense in comparison to the thermally grown oxide
films.

FiGs 6 (a) to {d) illustrate the variation of wet etch rate with the
depth of film thickness for electron beam cured fitms at doses of 1000,
3000, 5000 and 10000 uClom?, respectively. It is apparent from FIGs 6(a)
20 and 6(b) that the wet etch rates for films cured under temperature
conditions ranging between 25 °C to 400 °C and a dose of 1000 uClcm?
- as well as for films cured at a temperature of 25 °C and a dose of 3000
pC/em? were relatively constant throughout the entire thickness of the film.
This consistency in wet etch rate values indicates that it is possible to
25  produce films having a highly uniform density using the above electron
beam process conditions.

As illustrated in FIGs 6(b) through 6(d), the wet etch rate increases
with the increase in film thickness up to about 1500 A and then remained
relatively constant for films cured at temperatures of 250 °C through 400



13 For deposited oxides, the invention provides a neans for

creating densified filnms w thout enploying high tenperature anneal s.
Mor e specifically, index of refraction analysis reveals that the
result of anneal ing CVD filns conpri sed of PETEGCS accor ding to the
process of resent invention is a "silicon-rich"

unobt ai nabl e Wﬁr’& ot her known neans in the art such “?élygarr%@g | cation
of the gas ratios duri ng fil mdepositionyor thernal annealing. This is
especially benef|C|aL be e knomn to
prevent field i nver5| éﬁﬁgﬁg@f%ﬂfﬁﬁ{&&%ﬁ%&c}%ﬁ @E} JHM%&S

Mor eover, not only af@nﬁdﬁ&uﬁ@ﬁi&éﬁbw &§uz to vhhigherithen 00T gSRMIg Of t he

present invention occurs significantly bel ow those enpl oyed in prior

art thermal curing or anngal.i cesse ur i
anneal ing such filnms is aPiy Q?Qfﬂé?’l %%Qaftﬁaﬁ@ga‘c“ rBles IS cure%nq(i Qse of
this invention also fé?ﬁd&rét%uré 8 450 “CTBR @eérorbekdr dritirdy fanbiMg between 5 KeV

5 and 25 KeV, and a dose of 1000 uC/cm’ are also relatively constant.

Example 7: FTIR Results for Electron Beam Cured Wafers Subjected
to Chemical-Mechanical Polish Foliowed by O n Plasma Ashin

Coated wafers were produced and cured according to the process
set forth in Examples 1 and 3, then polished and cleaned with HF
10 according to the process set forth in Example 13, followed by ashing with
oxygen plasma. The detail of oxygen plasma ashing is described ‘in,.for .
example, C. K. Wang, et al., “A Study of Plasma Treatments on Siioiéne
SOG”, VIMIC Conference (June 1934).

FIG 8 presents the FTIR spectra for these films at various stages of
15 curing: (1): after curing with electron beam radiation at a dose of 10000
uClem?® and a temperature of 200 °C; (2): after the cured film of Stage (1)
was subjected to chemical-mechanical polish (*CMP") followed by wet
clean in HF solution and oxygen plasma ashing; (3): after three day’s
exposure in ambient conditions followiri’g Stage (2); and (4): after re-
20 exposure to electron beam radiation under the conditions of Stage (1)
following the ambient exposure of Stage (3).

FIG 8 illustrates an increase in absorbance at wavelengths
between 3600 and 3700 cm™ which is indicative of hydroxy! stretching in
~ thefilms and thus an increase in the film's moisture intake. The hydroxyl
25  group stretching is particularly apparent after the CMP and clean
processes of Stage (2). However, this moisture could be removed by re-
exposure of the films to electron beam processing as shown in FIG 8.

. Example 8: FTIR Results for Electron Beam
Cured Fiims After Exposure to Ambient

30 Environment and Optional Immersion in Water



15 oxide or nitride coating for substrates whereby the growth of such

oxi des or nitrides may be controll ed. The present

i nvention may be incorporated into several known processes such as: 1)
di sposabl e post processing; 2) conventionally- et ched cont act
processing; and 3) inter-netal dielectric processing. 20 pcrusososbs
fol | owi ng non®P %g exanples illustrate the effect of exposing
coated substrates to el ectron beamradiation %E order to create a film

havi ng i nproved characteristics thereon. . .Ih i roduced in
the fol | owi ng exanpl es wefE°HRATAYFE] and c"f"&%wﬁftem ﬁ%%’@ﬁ%‘@cﬁ%ﬁ%sﬁgs?test
met hods: 25 Iorthrin Bxahfipies nes and BSFTIR ananals Wasipedoigaospec  AFT
nodel 010-180 conputerized Fi I 'm Thi ckness Measur enent System avai |l abl e

scanned through the vt or FIAG COPReERs B8 FIDR ARBRIT IR S grer el hekima
the presence of nitrogen and at a temperature of 425 °C for 1 hour with
5 that of a wafer cured with an electron beam at a dose of 10000 uCfcm?
and a temperature of 200 °C and exposéd to ambient moisture conditions
for 7 days. The absence of the absorbance increases at wavelengths of
3600 - 3700 (cm™) for the electron-beam cured wafers illustrates that they,
in contrast to thermally-cured films, did not absorb moisture.

10 FIGs 10(a) and (b) compare the FTIR spectra for films cured with’
electron beam radiation in the presence of argon gas at a dose of 10000
uClcm? and at a temperature of 400 °C, and at various energy levels both -
before and after a 24-hour immersion in water having a temperature of 25
°C, respectively. The absence of a visible difference in the FTIR spectra

15 before and after immersion in water indicates that the electron beam
cured films did not 2bsorb moisture when immersed in water for 24 hours,

Example 9: FTIR Results for Eiectron Beam Cured Films
Under Nitrogen, Argon. Helium, and Oxygen environments

Wafers were produced and curad according to the processes set
20 forth in Examples 1, 2 and 3, with the exception that the films were
exposed to electron beam energy at a dose of 10000 uC/cm? and a
temperature of 200 °C in the presence of Nitrogen, Argon, Helium, and
Oxygen, respectively. After these wafers were aged by exposure to
ambient moisture conditions for 7 days, FTIR analysis was performed.

25 FIG 11 illustrates a minimal increase in absorbance at wavelengths
of 3600 - 3700 (cm™) for all gases except Helium. Thus, it is apparent that
films may be cured in the presence of Nitrogen, Argon, and Oxygen
without being susceptible to subsequent absorption of moisture.

Example 10: Chemical-Mechanical
30 Polishing of Electron-Beam Cured Wafers



WD 97/ 00535 14
conputer. Measurenents were acquired for five different |ocations on the
waf er, then these five val ues were averaged. 2) Percent
Fi Il m Shri nkage: This value is obtained froma ratio of t hi ckness
neasur enent s wibiged according to the procedure descri bed perusosnsszs" Fil M
Thi ckness and recorded after various processing steps. 3)
Wet Etch Rate Determination: Details for congucting this test are
set forth in "Relative ’ hGQHRA

nEWéEbce r&vefe PRIGGESY BRd LGB ac@o&‘f’@@%& tth@%‘rgﬁaﬁﬁg set

Al'liedSignal Inc., Adva M croel ectronic Mteri Vi S venber
30, 1995) . 10 forthin Exgmpibe 4/ thenpolist@siandaieanstiaccdidingto the pracmssesant

("o ) curve t schni geiforn EEMBIEE o 1 ByhE BORLSRARANRL . (o)

capaci-tor struct ur esomtamintdsivere removed fromiike duffadesavith 8 blier oxidebtertin i C
thin films. The di el_‘%ctri,c constant i s calcul ated fromthe

C(max) / Cloxi de) der Med s R dinypiogily. decrrates the lpwdegsity seams inplasma i | m
bei ng 'measur ed, andyERS, faRfHHgt i t : A
Hewl i tt Packard I\/bd.(le-l EDE?OGIA sgﬁg%ﬁ;gﬁ%gw&gggﬁémﬁﬁ over. system
consisting primarily of a sensitive nmultifrequency (10 Khz -10 Mhz)

| nducti on Capaci t ance anthi¢cknsss maaserementsefith progessegfilmand vol t age

sources, ranp gener t@aqéh ' " t 20
curve of dielectri ca%@P?r% @bﬁg\%ﬁ@%@n X c%ﬁf%ﬁ%ﬁ?ﬁ%{%ﬁa'pﬂ%ﬁ%éﬁg 2
well-controlled polish rate which was similar to that of undoped TEOS,
10  and did not exhibit any high etch rate areas in the post polish cleaned fiim.

Example 11: Disposable Post Device Wafers

0.5 ym CMOS SRAM disposable post process device waférs
available from Cypress Semiconductor Inc. were coated twice according
to the procass set forth in Example 1, then cured at temperatures of either

15 150, 250, or 300 °C and a dose of 5000, 7500, and 10,000 uC/cm?
according to the procedure set forth in Example 4. Genera! details of
disposable post processing are described in, for example, Cleeves, M., et
al., IEEE Symposium on VLS| Technology Digest of Technical Papers, 61
(1994).

20 The thickness of the resuiting “double coat” on the wafers was
about 6500A. After polishing and processing the resulting wafers through
an ash, followed by cleaning with HF as described in Examples 7 and 13,
a Ti-TiW glue layer was deposited directly on the polished SOG surface of
the wafers. Subsequently, the wafers were exposed to a 600 °C rapid

25 thermal anneal (“RTA") for 1 minute prior to tungsten chemical vapor

. deposition (“CVD W") at 450 °C. No lifting or outgassing of the film was

observed in the resulting wafers.

The electron-beam cured “double coated” films also were baked for

30 minutes in a furnace set a temperature between 425 °C and 700 ° C.



functions are carried out by a dedicated Hewitt Packard m croconputer
through an | EEE488 standard interface bus. Substrates are probed on a
manual probe station placed insi de a nmetal dark-box. Further details of
this procedure are set forth in "SOG Di el ectric Constant Theory , report by

25 AlliedSi Advanced M croel ectronic Materials Di VI January
3, gng 91”%35 5) Index of Refraction: W& eis

determ ned usi ng a calibrated AutoEL,3i1 Revision 307 eI | i psonet er

avai | abl e from Rudol gy,  shrinkage a&?ﬁ?%ﬁms%’k&@ LRd &e%be?&%ré*%{" Ml sgrent

procedures are descrrb )
15 "Aut oEL 11 RmdlteahaZWeridkagedmrﬁﬁctmeﬁhbaéwaiponrihaﬂﬁc%s@benance :

i vi s on (June | Sieepygslanebly sner Tapid haymatalcals NoradkUanEn s INkRRS
Spectrum Anal ysi s: F%éur?éd at temperatures up to 700 °C. Therefore, it is apparent from
5 Example 11 that the amount of film shrinkage is independent of
temperature. Moreover, the resulting wafers were crack-free and well-
planarized.

Example 12: Etched Contact Device Wafers

0.5 um CMOS SRAM conventional etched contact device wafers
10 were produced, cured, polished, cleaned according to the procedure set
forth in Example 11, with the exception that both single-coated and - ‘
double-coated wafers were prepared. No lifting or outgassing of the, ﬁlms '
was observed during all the process steps required for the fabrication ef
these devices. .

15 Example 13: Direct On Metal CMP Wafers

Two coats of Accuglass® 311 SOG were deposited directly on
silicon wafers patterned with metal 1, i.e. aluminum, and cured with an
electron beam according.to the conditions as described in Example 4.
9,000 A of TEOS was deposited in the manner of CVD onto the resulting

20 SOG layer then poiiehed using a Ipec Westech polishing machine
equipped with an IC 1000/ SUBA 4 polish pad available from Rode! under
the following conditions: wafer pressure of 7 psi; polish temperature of
wafer of 110 °F; SC 112 slurry available from Rippey flowing at 130
mi/min.; platen (holding pad) rpm of 28; carrier (holding wafer) rpm of 28;

25 polish position of 185 mm; and platen oscillations of 5 mm at a speed of 2
mm/sec. Wafers were polished and cleaned with HF, followed by ashing
with oxygen plasma. No adhesion problems or other undesirabie
interactions were seen between the SOG and TEOS layers.



5 transforminfrared spectrum analysis reveals vibrations of atons in
nol ecul es. Certain groups of atons have characteristic vibration
frequenci es which persist in different conpounds. Details such as the
frequency position of infrared bands characteristic of some organosilicon
groups, are d%@g}w’&agg in, for exanple, Launer, "Infrared Analysis of 10

Organosi licon
New York, 1 990).

npounds: Spectra-structure Correl ations”, (BHFHEISOP47Es,

7) Contact Resigtance: Contact Resistance

procedure is descri hﬁ(i!m!é? tb@?pos\é/thé’lmteﬁéceaﬁetweéﬂ\mg%(b

%! nd th%e .
Measur ement of Cont act Resi stances" | EEE Transacti ons ectron Vi ces

512 (March 1987).

. 18EOS layer to gplishcstrasses te watsrsiprodueachinl this\Folampieewerend

Transi st or VoIt I e % and .t echni ques
for  ° Cobtaining sineusiuypoighFEtndet S RARNEE R bPsflietoR o et

Exanpl €s are deammﬂyd:asrmbéadeﬂ T et al., "Design Methodol ogy for
Low Vol t age MOSFETS Int'l. El ect ron Devi ce I\/betl ng (Dec. 1994). 20

9) Tinme to Breakdpwn 1. Wi
Physics & Technol%gy ( r%gni \Z

ohd

1967); Chen, K L.,

8 descri bed in G ove,
ésé Gection 10 5 (New Yor k
2 e#S(1986) . ; and

Rountree, RN Tech. D 530 (1988). ©10) Via
resistance: Via resist anﬁ‘%@e wag M@"@S'tm"é’é‘ﬁnﬂ%%mﬂﬁ%ﬁ?ﬁtﬁéﬁ in
"Pre-sputter DegaSSISOGTér?ﬂlbWérs' "ThEs8 wafdhs afsb showediaseéen‘efhﬁptgﬁéﬁz%'ﬁbh' ty

Enhancenent in Spin-

10

15

20

25

30

d ass Pl anari zati on Process
wuthout cracking of the SOG layer.

Example 15: TEOS-Capped, Variable Number of SOG Layered

Wafers

TEOS-capped wafers were produced and cured according to
processes set forth in Examples 13 and 14, but with the exception of using
about 12,000 A of a doped TEOS oxide dielectric over the active devices,
a dose of 5000 and 10000 nC/ecm? and an energy of 9 and 15 KeV. The
energy required for the electrons to reach the surface of the wafer was
estimated to be about 12 KeV. The chosen values of electron beam
energy were thus expected to put electrons beyond the TEOS film's
surface and into the silicon wafer itself.

The cured wafers were then processed through the contact etch,
contact filt (W plug) and local interconnect formation steps as set forth in
Example 11, and tested for device and field threshold voltages and QBD
of the gate oxide. The details of these tests are described in Wolf, “The
Submicron MOSFET", 3 Silicon Processing for the VLS! Era (1995). The
results of the field threshold test did not indicate a shift in the voltage
("Vts™) of the n-channel transistors, but showed a smali shift in the Vts of
the p-channel transistors. However, the 30 mV shift of Vits of the p-
channel devices at high energies of 15 KeV is still small in comparison to
the permitted range for Vit variation, i.e. up to about 150 mV. An increase
in the dose over 10000 |.|Clcm2 with electron beam energy of 15000KeV



for VLSI/ULSI Miltilevel Interconnection Conference (Feb. 1995).
11) Resistance and Silicide Resistance: Silicide resistance was

nmeasured using techni ques described in Shimzu, S, et al., "0. 15 [err]m
16 CMOS Process for High Performance and High Reliability,"

| ht er nat i onal ectron Device Meeting (Dec. 1994).

Secondary | on \K/gs'mm ectroscopy ("SIMsS"): SIM anal ysi 5’%?60@@73 to

determ ne the presence of trace elenments in SQG 5 fllms First, the SOG
films were neasured usi %ppb detectlon

a Caneca Sl devj. c
limits. The use of tﬁ%s‘ﬂégi'%ﬁis‘ﬁteﬁ'ﬁgﬁgggﬁgﬁw°ftheQ pliesthat
detector receives 'nlglate6iwh1a?%e€§rﬁ€(aamﬁgédﬁﬁnﬁd‘électronbééiﬂ'%kb%%tO geneuch

as trace ion el ement concentration with tine rate
direct ion maps of afghlP¥@ent on the filmsurface and 10 changes in the
| ateral distribution of the elenent as a function of film

Example 16: Characteristics of SRAM Test
5 Structure incorporating Film as a Dielectric Over Polysilicon
A “double coat® of Accuglass® SOG film was produced and cured
onto 0.5 um polysilicon-coated Static Random Access Memory (“SRAM®)
test structures in accordance with the procedure set forth in Example 3
and under conditions of 200 °C, 10 KeV, and 10000 pCl/cm® 0.6 um
10 contacts were then made in the cured SOG coated structures by either the
conventional etch based approach of Example 12 or the disposable post
process of Example 11. '

In the post processed structures, SOG characteristics were
evaluated at different temperatures of anneal, i.e. 425 °C, 600 °C, and
15 700 °C before contact metallization but after formation of the contacts.
The salicide resistance was unaffected by the SOG process because of
the low thermal budget.

In order to form vias by conventional etch processes, the SOG
layer was capped by 9000 A of TEOS SiO; as described in Examples 13
20 and 14, then polished back according to the process set forth in Example
13. 0.7 vias were etched in this dielectric. Via filling was perfoi‘med with
blanket W and etchback processing as described in, for example, H.
Kojima et al., “Planarization Process Using a Multi-Coating of Spin-On-
Glass” VLS|, (June 1988).

25 Eiectl;ica! resistance tests as described in, for example; Anner,
“Planar Processing Primer” 79-90 (1990), of the structures containing etch
contacts showed that the contact resistance of the electron-beam cured |
SOG layer was higher than that for the doped refiowed TEQS SiO;
dielectric layer. This is likely due to the large overetch in the contact etch

30 which etched away most of the TiSi, from the underlying oxide.



dept h. The SI M5 anal ysis was perforned using a PH -6600

quadr upol e. mass spectroneter in which the filmwas exposed to oxygen
and cesium primary ion bonbardnments with a net inpact energy of 6 KeV
in order to 15 obtain both positive and negative secondary ion mass
spectronetries. The anal ytical conditions are report egpnsodiaderse 1:
TABLE 1 WO 9700053y | mary i on beam oxygen Cesi um

Primary Beam Ener gy 6 KeV 6 \Y} Beam current
50 nA 20 nA Raster siz 150 x 150[err]m

150 x 150[err]m Asﬂlusiﬁ@tesiﬂéﬁlw%.athe QBD OfAEe}@atﬁsO)gm is equivalept jo 45
[err]m Seco

Neut T al i zation E}%%de;% RAbREY tTEOS Si0, With etched conf: régg.\ ch implies

300 300 that the damage to the ox:de during electron-beam processing for wafers

having a thin SOG layer is less than that for wafers having a TEOS SiO.
5 oxide. A summary of the electrical results is provided in Table 2.

TABLE 2
Contact scheme Contact resistance (ohms) Self- Salicide Sallclde
aligned resist- P-N
Contact | ance strap
Leakage resist-
ance
Generic | Generic Self- Self-
toN' toP* | aligned | aligned
() (N :
Post scheme 38 36 42 48 Pass .18 170
with SOG (425
C Anneal) .
Post scheme 39 High open 81 Pass 19 T 270
with SOG (600
C Anneal)
Post scheme 37 35 45 50 Pass 2 205
with SOG (700
C Anneal)
Etch scheme 32 K] NA NA NA 30 180
with SOG
Control 25 25 68 58 Pass 135 >5000

Example 17: Electron-Beam Processed
10 CVD TEOS for Poly Level Diejectric

A layer of TEOS film having a thickness between 1000 A to 8000 A,
preferably from about 1500 A to about 3000 A, is deposited via CVD onto
polysilicon wafers under a temperature of about 350 °C to about 450 °C
and a presstre of about 7 to 9 torr. The TEOS film is then exposed for

15 about 10 minutes to a flux of electron-beam radiation at a dose of about
5000 to about 10000 uC/cm? and an energy of about 5 to about 15 KeV
under a temperature of about 200 °C to about 250 °C and a pressure of
about 10 mTorr to 40 mTorr in the presence of nitrogen or argon in an



17 The data have been plotted as concentration (atons/ cnjerr])

ver sus depth for the anal ytes. The conversion of secondary ion counts
to concentrations is based on a relative sensitivity factors (RSFs)
derived fromthe anal yses of ion inplant standards of known dose in
Si2. The 5 analytes' secondary ion counts were ratioed tq, XE

matri x[err] SVOSTRPAIH t hrough oxi de. The reproducibili't c@‘ anal ysi s
typically is less than +10% at ion count I&Bg rates above 1 x 10[err].
The sputter depth was_calibrated by a crater depth_using

Tencor P-1 0 surface EegranCare T'ﬁa@mmqa%ab&efromfgga(ﬁ@qt@ \gsiopng. TBEhni que
S furt her descri bedfb@ﬁ?ﬁé’ﬁlﬂ“k?&%—ﬁcﬁhagnﬁifedl'PEOg&H &S Evans and

Associ ates (COct ober EXAMPLES
Exanpl e 1: Preparation of SOG coated Substrate A silicon wafer
having a di anmeter of 6 i né&itber siticate hwerhosilicates and or siloxane SOG is then spun-

on the cured TEQOS wafers and cured. The type of SOG selected and the

5 thickness of the SOG coating is dependent upon the desired
planarization. Optionally, the dielectric stack may be completed by a CVD
TEQS oxide deposition if desired, or alternatively, the SOG may be left as
the final layer in the inter-level dielectric stack.

Example 18: Formation of Ultra-Thin Gate Oxide

10 Polysilicon wafers are exposed to the electron beam processing
conditions of Example 15 in the presence of oxygen gas under pr'essgres.
of about 10 to about 200 mTorr and temperatures of about 250 °C fo'r a
period of time sufficient to grow the desired thickness of oxide. The resuit
is a uniformiy dense and homogeneous film which is suitable for further

15  processing required for microe:. -tronic applications.
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5| | oxane SOG available fromAlli edSrgﬁﬁI’ Inc. under the tradenane 15
"Accugl ass" 311 by di spensi ng about h&@gﬁ@ééﬂi{eﬂa@d of SOG onto the

surface of the wafer, which was then oater track

avai l abl e from Dai N ppon Screen, Inc. mﬁﬂm\ﬂ pm for 2 seconds at
72 [err]F, 20 - 30 mmHg, and a spin cu 40% After t he coated
waf er was addi¥98H¥FISy spun at about 3000 rpm for about 20 ESETHRWLETH
under simlar conditions, the wafer was then heated on hot pI ates in the

DNS SOG coater track fmgigshree consecutive intervg s of 120 seconds at

Tht i G "ot S Cot e LA/ 202y A 8 g e ttri o 4344 v
produced according to Exanf® a surtﬁcmf Baldauﬁﬁra@laédme&ﬁmﬁaﬁ?ﬁé and
e e T o 1 sl e
coat ed waf er indi cat esnderfdonditiohs sisffieipat to cure thaclidledtic ﬁ‘baté?fal P fifn, @ f11 M
shri nkage of 7% agd a wet,efch prctngs Sf cigos wherein sa?;g dielectric material is comprised
of silicates, phosphosilicates, siloxanes, phosphosiloxianes or mixtures
thereof. | .
3. The process of claim 2 wherein said dielectric material is comprised
of, before exposure to said electron beam radiation, a siloxane having, based
10 upon the total weight of said siloxane, of from about 2% to about 80% of
organic groups comprising alky! groups having from about 1 to about 10
carbons, aromatic groups having from about 4 to about 10 carbons, aliphatic
groups having from about 4 to about 10 carbons, or mixtures thereof,
4. The process of claim 1 wherein said dielectric material is cured at a
15 temperature of from about 25 °C to about 400 °C.
5. The process of claim 1 wherein said diglectric material is cured at a
pressure of from about 10 mtorr to about 200 mtorr.
6. The process of claim 1 wherein said substrate is exposed to
electron beam radiation in the presence of a gas selected from the group
20 consisting of oxygen, argon, nitrogen, helium and mixtures thereof.
7. A substrate coated with at least one layer of the film of ciaim 1.
8. A microelectronic device containing the substrate of claim 7.

9. A process for annealing a substrate coated with a chemical vapor
deposit material comprising:
25 a) applying to the surface of the substrate the chemical vapor
deposit material; and
b)  exposing the chemical vapor deposit material to electron beam
radiation under conditions sufficient to annéal the chemical vapor deposit
material into a film.

30 10. The process of claim 8 wherein said chemical vapor deposit
material is comprised of plasma-enhanced tetra-ethyl ortho silicate, silane
based oxide, boron-phosphosilicate giass, phosphosilicate glass, nitride,

T T e—
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18 Exanpl e 3: El ectron Beam Cur& of SOG Coat ed Viaf er
Waf ers produced according to Exanple 1 a chanber

ced |
avai l abl e from El ectronVi si on under tﬁ%‘ﬁ giera Eﬁiﬁiﬁ&o El ectronCure[err]

and exposed to an el ectron beam havi ng 5 to 20 mA, a dose
from 1000 to 10000 Lerr]C/cn{err] and ahiBEdE vol t age from5
to 25 KeV, inWQ&M¥sence of various gases including nitro§EfUSI6nssTs
oxygen, argon, and hydrogen, respectively, and under a tenperature

from25 to 400 [err]C and a pressure range from10 to 40 ntorr.

Anal ysis of the el ectron-beam cured SOG coatedsgafers indicated 10 a film

shrinkage of 10 - 30gwwade itfide | ' ' 0

50: 1 (deioni zed wat er hydroﬂ'ﬁg‘?’?@ acrEaﬁﬁﬁhgt}%@%ﬁ%?#&%ﬁ@%@% or
dependi ng upon the dowdyrestirergef. and t enperature sel ect ed. FI G

1l illustrates the FTIR spectra for wafers thermally cured according to ,

Exanpl e 2, el ectron-beam gur or di .tq Exanple .3, 15 and uncured,
i .e. hot-baked, according oﬁ%ﬁ%%?%s iﬁ%@e%ﬁg&ﬁﬂaWem'caii"qmédﬁ%%ce in
absor bance i ncr easesmatatiatstappiie€to sdid subsiiateinihe! prasence of a géd'CoprisiRg a

spectra of FIG 1 and_the h eneous. . di stributjon of carbon- as
i ndi cated by the tar B'Bﬁ"rﬁgg KMW‘%EQJrMP“PT@‘YBQPv sianpandppar ent

that the compositi onggtionaliedidotefie, Bhésphird BRS Hitdu Bxigbect  on beam

12. A substrate coated with at least one layer of the film of claim 9.

13. A microelectronic device containing the substrate of claim 12.

14. A process for growing ultra-thin film oxides or nitrides on a

10  substrate comprising:

exposing a surface of the substrate to electron beam radiation in the
presence of a material in a gaseous state and under cénditions sufficient to
ionize the material and promote an cxidization or nitridation reaction on the
surface of the substrate.

15 15. The process of claim 14 wherein said substrate is comprised of
gallium arsenide or silicon.

16. The process of claim 14 wherein said materiai is comprised of
oxygen, ammonia, nitrogen, nitrous oxide, reaction products or mbdures
thereof in the form of a gas, a sublimed solid or a vaporized liquid.

20 17. A substrate coated with at least one layer of the film of claim 14.

18. A microelectronic device containing the substrate of claim 17.

18. The process of claim 1 wherein said substrate is a silicon wafer.

49104.v1
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20 processing has changed and that the water was not absorbed therein.
Exanpl e 4: Wafers Cured at Varying Tenper atures and Doses of El ectron
Beam Waf ers were produced according to Exanple 1 and cured
according to Exanple 3 except that each wafer was exposed to one of 25
four doses of Eﬂms 000, 5000, or 10000 pC/nierr] at an engr of 10 KeV
under a tenpera uresgf either 25 [err]C, 250 [err]C, or 40g‘3?/é§9,5ﬁ§7§n t he

presence of argon gas. FIGs 2(a) and 2(b) illustrates the
FTIR spectra for each of the waf er s pr(%%Jsced according to Exanple 4.
As evi denced by the increase
19 I n absorbance between 3600 and 3700 cnferr] in FIG 2(a), wafers
whi ch were e r1ClcoP at any of the three
t enper at ur es —
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showed hydroxyl group stretching, which is indicative of the presence of
residual water in the film However, by increasing electron beamdose 5
equal to or greater than 5000 [err]C/cnierr], the water in the filmcan be

greatly reduced or entirely elimnated, as illustrated in Figure 2(b).
Exanpl e 5: Cog’ggrl son of Film Shrinkage for Electron Beam Cured Wafers
at Varying Do¥¥&?700535  Epergies and Tenperatures and for ThETHE2086E&r ed
Wafers 10 Wafers were produced and cured according to Exanples 1
and 3, then were analyzed for filmshrigkgge by neasuring the film
t hi ckness after bake and el ectron beam cure. FIG 3
illustrates thefil mshrinkage as a funct i'on of electron beam doses at
tenperat ures ofg ‘ omwttrTtie—t6
filmshrinkage_df the thermal| , Rows the filpn
shri nkage vers% el ect I QlmpgaxR=g Spohgmmpd gedpabons” from FI G F and ¢
that the shrin _ ' N ly grefter than
that of therma®)y cured filns. Furb - 2 increasegy the|film
shri nkage for qu el ectron beam curg D 2 agses. I n additiop, 20
the influence ¢8| tenperature upopn fi Shry WA grved onlly& or
films cured wi XUpeeSEEToTT ErTt =R '“‘Tv’v:”? 'Tm shrinkagg @s
relatively ins@jsitive to v TS~ '-"-l- e mradl ation g4t "dosps in
excess of 1000&[err]C/ cn?2 and S S—— e~ C. . Expnpl e
6: Conparison gff Wt Etch Rates for Eletrn _
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25 Beam Cured Wafers at Varying Doses and Tenperat ures
Thermal Oxi de. and Thernal | y- Cured SOG Wafers

produced and cured according to Exanples 1 and 3,

for Wet Etch Rate. On an uncoated wafer, a therma
was grown in a 30 diffusion furnace such as those referen
under a WO /8057100535

20 tenperature of about 1050 [err]
t he presence of oxygen at a gas fl
Wet etch rates of various filnms in buffered oxide etch in 50:1

for
Waf ers were
t hen were anal yzed

SOG

oxide film

B et © 2

and at mospheric pressure in
of 4 liters/ mnute.
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FIG 5 presents the wet etch rate versus dose for the el ectron beam

cured wafers in addition to the wet etch rate for the thermally cured wafer
and the thernmal oxide wafer. It is evident fromFIG 5 that the wet etch
10 rate of SOG coated wafers cured with electron beans is in the range of

3, to 5 Alsec., which is very close to the 3 A/'s &L‘S

measur ed for WR&700535 thermal oxide wafer, but is coﬁ’ﬁr Iovver
than the 37 Alsec etch rate measured for the thermally cured SOG
wafers. The |low etch rate denonstrated by the SOG coated wafers
i ndi cates that such SOG fil ns 15 are signgficantly nore dense in
conparison to the thermally grown oxide films.

FIG 6 (a) to (d) illustrate the variation of wet etch rate with the

depth of filmthickness for el ectron beam
3000, 5000 and 10000 [err]C/cMerr] , ' .
FI Gs 6(a) 20 and 6(b) that the Oeicairates for filns cured under
t enperature condi tions rangi 22
and a dose of 1000 pC cnR as|MeENI S3s for filns cured at a
tenperature of 25 [err]C and a dose of [3@08 < [err]C/cnR2 were
rel atively constant throughout the entire ckness of the film

d filmns at doses of 1000,

Thi s consi stency ish wet Feteh—+aterveatves—orcates—tiat—Tt TS )ogi ble to
25 produce filnms @avinp a highly| uniformdensity using the abpvéNel ectron
beam process condi®i ons As illusfrated in-1 & 6(b)
t hrough 6(d), thegget ejch rate ipcreases with the ncrease in
filmthickness up-ot%oo abput 1500 A and then |remai ned - atively
constant for filns cwej @& o enper atures of| 250 [err]Cthrough-4
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21
any

to or

[err]C and a dose of 3000 [err]C/cnR2 as wel |
tenperature and a dose equa
Simlarly,

as for filnms cured at
hi gher than 5000 pC/ cn®.

FIG 7 shows that the wet etch rates for filns cured at a

tenperature of 400 [err]C, an el ectron beam energy rangi ng between 5 KeV 5
and 25 KeV, and a dose of 1000 [err]C/cnferr] are also relativel

Exanpl e 7: FTWRIREE3F ts for El ectron Beam Cured Wafers SubjF&d{iS30/08678
Chemi cal -

Mechani ca

Pol i sh Fol | owned by Oxygen gj@snma Ashi ng

forth in Exanples 1 and 3,
to the process set forth in Exanple

pl asma. The det ai

exanpl e,

C. K Wang,

Film Shrinkage versus Electron Beam Energy

FIG. 4

f or

20 25 30
Electron Beam Energy (KeV)

156

10

Coat ed wafers were produced and cured_according to the process
t hen poli nd cle
gﬁgggllomed by ashing with
of oxygen plasna as ﬁg i s desfcribed in,
et al., "A Study|ot ®asma Tr
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SOG',

VIM C Conference (June 1994).
spectra for these filns at various stages of 15

with electron beamradi ati on at a dose of 10000

tenmperature of 200 [err]C (2):

subj ected to cheni
in HF sol uti oW©

exposure in anmbient conditions follow ng Sta

cal - mechani ca
S$xygen pl asma

FIG 8 presents the FTIR

curing: (1): after curing
[err]C/cn2 and a
after the cured filmof Stage (1) was
polish "(CwW") followed by wet cl ean
ashing; (3): after three J&fU§96/08678

B2): and (4): after re- 20

exposure to el ect
foll ow ng the anbi
illustrates an ing
3700 cm[err] whid
and thus an incred
stretching is part
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22 After producing and curing wafers according to the processes
set forth in Exanples 1, 2 and 3, FTIR anal ysis was perforned.

FIG 9 conpares the FTIR spectrumfor a wafer thermally cured in t he
presence of nitrogen and at a tenperature of 425 [err]C for 1 hour with 5
that of a wafer cured with an el ectron beam at a dose of 10000 [err] C/cn®
and a tenper aMRPEB5200 [err] C and exposed to anbi ent noi st tions
for 7 days. The absence of the absorbance increases at wavel engt hs of

3600 - 3700 (cnferr]) for the el ectron-beam ca/etgl wafers illustrates that

t hey, in contrast to thermally-cured filnms, did not absorb noisture.
10 FIGs 10(a) and (b) conpare tt spectra for filnms cured with
el ectron beamradiation in the preseng gon gas at a dose of 10000
[err]C/cnerr] and at a tenperature of rr]C, and at various energy

| evel s. both before and after a 24 mrersion in water having a
tenperature of 25 [err]C, respect The absence of a visible
difference in the FTIR spectra 15 bef after imersion in water

i ndi cates that the el ectron beam ilms did not absorb noisture
when inmersed in water for 24 hours. anple 9: FTIR Results for

El ectron Beam Cured Fil ns
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Under Nitrogen. Argon. Helium and Oxygen environnents Waf ers
wer e produced and cured according to the processes set 20 forth in

Exanples 1.2 and 3, with the exception that the filns were exposed to
el ectron beam energy at a dose of 10000 pC/cnjerr] and a tenperature
of 200 [err]C.in the presence of N trogen, Argon, Helium and oxygen,
respectivel y. W@ P#M¥hese wafers were aged by exposure to PETUSHO96%s,;
noi sture conditions for 7 days, FTIR analysis was perfornmed. 25 FI G
11 illustrates a mnimal increase in absorbancé&/t& wavel engths of 3600
- 3700 (cnmerr]) for all gases except Helium Thus, it is apparent that
films may be cured in the presence of [T gsh. Argon, and Oxygen
wi t hout bei ng susceptible to subsequeny>alsdapti on of noi sture.
Exanpl e 10: Chemi cal - Mechani cal 30 Pol &M% of El ectron-Beam Cured Wafers
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23 Wafers were produced and cured according to the processes
set forth in Exanple 4, then polished and cl eaned according to the
processes set forth in Exanples 7 and 13. During post-polish cleaning,
contam nates were renoved fromfilmsurfaces with a brief oxide etch in 5
HF. This HF dip typically decorates the |ow density seans ipn_plas

TECS, requiri N&%i%@% deposition to smoth them over. Petiustendizs

Thi ckness neasurenents of the CMP processed fil ns ~denonstrated that
the el ectron-beam cured siloxane material possggged a wel | -controlled
polish rate which was simlar to that of undoped TEGCS, 10 and did not

exhi bit any high etch rate areas in thegT >1>;0Iish cleaned film
Exanple 11: D sposabl e Post Device V\afy% o) 0.5 [err] m CMOS
SRAM di sposabl e post process device wafl@ & M| available from Cypress
Sem conductor Inc. were coated tw ce ag¢eokdidq to the process set
forth in Exanple 1, then cured at terrpe%tﬁrl'és of either 15 150, 250, or
300 [err]C and a dose of 5000, 7500, arﬁ%@,@(o pC cng according to
the procedure set forth in Exanple 4. ( @ab|details of di sposabl e
post processing are described in, for eﬁl I¥g,| Cl eeves, M, et al .,
| EEE Synposi um on VLSI Technol ogy Di gegip dchni cal Papers, 6
(1994). 20 The thickness of theresutting "double coat" @n the
waf ers was about 6500A After| polishing and procgssing thg r%ul ting
waf ers through _
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an ash,

t he waf ers Subsequently,

t her nal

was

anneal

cured "doubl e coat ed"”

furnace set a tenperature between 425 [err]

24
[err]C
as

shri nkage

("RTA")

for

films al so were baked for

i ndi cated a 4% shri nkage

nmeasured directly after

apparent from 5 Exanple 11 that the 3
i ndependent of
crack-free and well -

FIG. 6(d) Wet Etch Rate at Dose of 10000 pClem®

The

g of
ety
30 minutes in a
jagd 700 [err] C
Fil m shri nkage anal ysis of filns baked at a tenperature of 425
ness based upon the thickness

2000 -
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3000

1000

0

Thickness (A)

n_thic
rapid anneal . No additi onal
occurred at tenperaturg 700 [err] C. Therefore,
MRt df film shrinkage is
t enperat ure. I\/bl’eO"Gh\,: @e resulting wafers were
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foll owed by cleaning with HF as described in Exanples 7 and 13,
a Ti-Tiwglue | ayer was deposited directly on the polished SOG surface of
the wafers were exposed to a 600 [err]C rapid 25
1 mnute prior to tungsten chem cal
deposition ("CvD W) at 450 [err]C. No lifting or outgassin
obse@YMOPESt he resul ting wafers.

it

vapor
the film
S96/98478 beam

is



pl anari zed. Exanpl e 12: Etched Contact Device Wafers

0.5 [err] m CMOS SRAM conventi onal etched contact device wafers 10 were
produced, cured, polished, cleaned according to the procedure set

forth in Exanple 11, with the exception that both single- coated and

doubl e-coated wafers were prepared. No lifting or outga55|n Ee films
was observed WR9M85381 1 the process steps required for the ?on of

t hese devices. 15 Exanple 13: Direct On Metal CMP Wafers Two
coats of Accuglass 311 SOG were deposited directly on silicon wafers
patterned with netal 1, i.e. alum num and curgfds with an el ectron beam
according to the conditions as described in Exanple 4 9,000 A of TEGCS

was deposited in the manner of CVD onto the resulting 20 SOG | ayer then

pol i shed using a | pec Westech polishing equi pped with an IC
1000/ SUBA 4 polish pad avail able from %;Eﬂépﬁgir the foll ow ng
conditions: wafer pressure of 7 psi; polas¥ Nersgerature of waf er of
110 110; SC 112 slurry avail able from RI¥p @yuﬁlmwl ng at 130 mmn.;

pl at en* (hol di ng pad) rpm of 28; carri er {¥hwt wafer) rpm of 28; 25
polish position of 185 nm and pl aten o;@HQEﬁ ns of 5 mMmat a speed of 2

nmm sec. Wafers were polished and cl eaned™WTHh HF, foll owed by asqgng
wi th oxygen plasma. No iuncbluu probtens—orT ot er _unges! r abl e
i nteractions were seen tween th¢ SOG and [TECS | ayer|s. -

50

lo -

|
4000

3000
Thickness (A)

2000

Wet Etch Rate at Variable Electron Energy
(Dose: 10000 pC/lenf; Temperature: 400°C)
A
]
1000
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EADA
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FIG. 7
Wet Etch 4
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(A/Second) |
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WD 97/ 00535 25 In
order to expose the interface between the SOG | ayer and the TEGCS

| ayer to polish stresses, the wafers produced in this Exanple were
subsequent |y polished under simlar conditions. No del am nation or other

anomal y was observed. 5 Exanple 14: Variabl e Nunber of SOG
Layers on Met MO WS Exposed I nterface Ex anfftEUSPYO8E%;
repeated using either one, two, or three coats of SOG on t he
waf ers. These wafers al so showed excel |l ent pl d88 zati on wi t hout
cracki ng of the SOG 1ayer. 10 Exanpl e 15: TEGS- Capped. Vari abl e Nunber
of SOG Layer &l — e =
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TECS- capped wafers were produced and cured according to processes
set forth in Exanples 13 and 14, but with the exception of using

about 12,000 A of a doped TECS oxide dielectric over ‘the active devices,
15 a dose of 5000 and 10000 [err]C/cnferr] and an energy of 9 and 15 KeV.

The energy required for the electrons to reach the surfa & %f t he
waf er was WO 9709538 | mat ed to be about 12 KeV. The chosen Y&} 8
el.ectron beam energy were thus expected to put el ectrons beyond the
TECS films surface and into the siliCéBwafer itself. 20
The cured wafers were then processed i
contact fill (W pktg et Bt H-E -G REee T muke - S SIe onth
in Exanp]l e 11, and tested for Qevi - +0l t ages
and QBD bf the gate oxide. The details & et s gy ei-descli bed
in Wl f, "The Submi cron MOSFET, 3 Gilicbh ¥ ‘ & fhe VLS|
Era (1995). The 25 results of the fiel Rghe | I ndifcat e
a shift in the VJﬁage ("Vts") of = T-eaal buit
showed- a smal |l shi2t in the Vts of * el .
However, the 30 s _of the p- channel devi ces| & hifgh
energies of 15 Zpddis stil n_co to the pey Mtted
range for Wt vgggion, i.e. up to ag : Locrease 30 infthe
dose over 1 00% pC/ cnm2 with el ectrobabeam en of 1500QKeV
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26 resulted in a systematic degradation of the QBD, which inplies
that the gate oxide may becone damaged during el ectron beam exposure
at such hi gh | evel s. Exanpl e 16: Characteristics of SRAM Test
5 Structure Incorporating Filmas a Dielectric Over Polysilicon

A" "doubl e coat" of Accuglass[err] SOG fil mwas produced and_cured

onto 0.5 [err AYOPPLi | i con-coated Static Random Access MentryUPosE&,, )
test structures in accordance with the procedur? set forth in Exanple 3
and under conditions of 200 [err]C, 10 KeV, and/fooo [err]C/cnR2. 0.6
[err]m10 contacts were then made in the cured SOG coated structures by
ei ther the onvent i onal etc--n.eencaﬁ;r?ﬁhﬁ§§ Exanpl e 12 or| the

di sposabl e post process of Exalm I n the [post
processed structufes, SOG TNa 1 ated at differfent
tenperatures of anneal, i.e. - g 15 700 [[err]Q
before contact neftallization but afteé Wy : ke, contacts. | The

salicide resistance was unaffected by yause of ng the
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In order to formvias by conventional etch processes, the SOG | ayer
was capped by 9000 A of TECS Si(Jerr] as described in Exanples 13 20 and
14, then polished back according to the process set forth in Exanple

13. 0.7 vias were etched in this dielectric. Via filling was perfornrned with
brFanket Wand et chback processing as described in, for exanple, H

Kojima et al. WOBYMS4ri zati on Process Using a Milti- Coati ngPEOTUSS608678 -

G.ass" VLSI, (June 1988). 25 El ectrical resistance tests as
described in, for exanple, Anner, "Pl anar 1%#8cessing Prinmer" 79-90
(1990), of the structures containing etch contacts showed that the
contact resistancp of the el ect Ll eCtE et layer was hy gher
than that for tHB| doped refl owed TEQTJ%ag%. gectric | ayer. fThis is
i kely due to tﬁ% | ar g e R R ey 2—-3Q which etcped ajpay
nost of the TiS;_ fromthe underlyi Rg—ehgi-cg . -
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As illustrated in FIG 12, the BD of the gate oxide is equivalent to

that of doped reflowed TECS SiQ2 with etched contacts, which inplies

that the damage to the oxide during el ectron-beam priocessing for wafers
having a thin SOG | ayer is less than that for wafers having a TECS Si02 5
oxide. A summary of the electrical results is provided in Table 2.

TABLE 2 &5%?74'@535scherre Contact resistance (ohns) FCRH§I608678
Salicide Salicide )
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Contact ance strap . 16/18
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Cont r ol 25 25 68 58 Pass 135 >5000
Exanpl e 17: El ectron-Beam Processed 10 CVvD TECS for Poly Level D electric
A layer of TECS film having a thickness between 1000 A to 8000 A,
preferably from about 1500 A to about 3000 [err] is deposited via CVD onto
polysilicon wafers under a tenperature of about 350 [err]C 50
[err]C aftP ¥'W5Bssure of about 7 to 9 torr. The TECS f%&ﬁ@ggﬂ+ﬂén
exposed for 15 about 10 minutes to a flux of electron-beamradiation at a
dose of about 5000 to about 10000 [err]C/ cnmferr] and an energy of
about 5 to about 15 KeV under a tenﬂ@f ure of about 200 [err]Cto
about 250 [err]C and a pressure of about 10 mforr to 40 mforr in the
presence of nitrogen or argon in an

N

FIG. 12 QBD of Gate Oxide with TEOS Dielectric
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28 El ectronCure device available fromfromEl ectron Vision, Inc. The

resulting filmis a silicon-rich, densified TEOCS oxi de. Ei t her
silicate, phosphosilicate, and or siloxane SOG is then spun- on the
cured TECS wafers and cured. The type of SOG sel ected and the 5 thickness
of the SOG coating is dependent upon the desired pl anarization,
Optional |y, tMOYPRBECtric stack may be conpleted by a CvD FCTUSIMHBREE i ge
deposition if desired, or alternatively, the SOG nay be left as t he
final layer in the inter-level dielectric stackgsa Exanpl e 18:
Formation of Utra-Thin Gate Oxide 10 Po%m licon wafers are exposed
to the el ectron beam processing conditions of Exanple 15 in the
presence of oxygen gas under pressures. of about 10 to about 200 nilorr

and tenperatures of 2 err] . g of time sufficient
to grow the desired fﬁﬂﬁmi&f ox%@ﬂsrﬁ’éofﬁéﬁﬁ&\%s is auniformy
dense and honobgen } } } i :1'07g
required for [err] ]

rr] applications.
C

10? 5 EL 0°
Dose, atlcm2 |
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1.. A process for curing a d| electric materlal on a su& :
(a) applying to a surface of said substrate a chem cal vappr d
dielectric material; and (b) exposing said di
to a wde, |large beam of electron beamradiation froma sybskta
uni form | arge-area el ectron beam sourc@ under conditions
the dielectrig terial intoa film 2. The

ey

gh\ggge)aglsr]l ?g;g es, s?f%kgﬁcégt@{\%@m %d{ég ﬁ'@%ﬁaiﬁnﬁ ff'ﬁgsé Ité Eg%g‘?’ﬁ@f eof .
3. The process of clai mp&l\gdiagetﬁ §aaui'ﬂilcﬂi eft Ehednliest Pt d | CRRRY;IcS8d

of , befor osure to ai.d ectron beam radiati on, a siloxane having,
based Vagch dSer‘rrgcfs“ne tdtea'lec%én&hfnalifer%ard 8ffoxane, of from about 2%t o

about 90% of (lor gaipios 1gKospsd chiglrd g alakglrignoupsa haddd1f

about 1 t %g (# g ca rbonsd aronat}rﬁ?}?roups havi ng £rom about 4 to

about 10 ‘Carbo PCeHREE Peam radigtiidls ng FHEFCEEBbLRLAY ¥nderm 10

car bons, Jargaedma%ltehﬂrmf .beam source unde‘k comipreeessuekiehahm 1,

V\,herelns d%l tr|c materlal I,s.cyred a tenperature of from
e | Jaen;‘o £G0 "PE

about 25 fel into g t8in. ‘5. The process of claim

1 wherein said dlelec i C t f
about 10 ntorr to a%oﬂe @mr;:aqgafglanmsz ﬁlleerrem said dlelectnc mathaGI 1S cErenp(r)Iseé rom

of silicates, phosphosnhcates, siloxanes, phosphosiloxianes or mixtures

thereof.
3. The process of claim 2 whersin said dielectric material is comprised
~ of, before exposure to said electron beam radiation, a siloxane having, based
" upon the total weight of said siloxana, of from about 2% to about 80% of
organic groups comprising alkyl groups having from about 1 to about 10
carbons, arématic groups having from about 4 to about 10 carbons, aliphatic
groups having from about 4 to about 10 carbons, or mixtures thereof.
4. The process of claim 1 .wherein said dielectric material is cured ata
temperature of from about 25 °C to about 400 °C.
5. The process of claim 1 wherein said dielectric material is curgd ata
pressure of from about 10 mtorr to about 200 mtorr.
6. The process of claim 1 wherein said substrate is exposed to
- alectron beam radiation in the presence of a gas selected from the group
_ consisting of oxygen, argon, nitrogen, helium and mixtures theradf,
7. A substrate coated with at least one layer of the film of claim 1.
8. A microelectronic device containing the substrate of ciaim 7.
9. A prﬂeess for growing ultra-thin film oxides or nitrides on a
substrate comprising:
exposing a surface of the substrate to electron beam radiation in the
presence of a material in a gaseous state and under conditions sufficient to
ionize the material and promote an oxidization or nitridation reaction on the

surface of the substrate.
\

I g



6. The process of claiml.wherein said substrate is e%
el ectron beamradiation in the presence of a gas sele
consi sting of oxygen, argon, nitrogen, heliumand m xture he{ Sopﬁ 1998
7. A substrate coated with at |east one |ayer of the fil mjof 9 v
8. A mcroelectronic device containing the substrate of cllailm
9. A process for growing ultra-thin film oxides or nitridgs on a
substrate conpri sing: exposi ng a surface of
el ectron beamradiation in the 3o presence of a material in a gaseous
state and under conditions sufficient to lonize the material and
pronot e an oxi di zaoi dhegroceas-ofciaimod whenain wdmmm is comprisedioff ace of

t he substrate, 30 10.

The process 99’"&'%%'%@?@“3& d substrate is conprised of gal I | um
ﬁ?ratsgp: gf |O; ig%fﬂgewf%@m;ﬁ%ﬁgmﬁﬁ?rou oxl de reaction
products or oxygenammonia, nitrogen, nitrdus oxide, reaction productsormucturos
thereof in the form of a gas, a sublimed solid or a vaporized liquid.
12. A substrate coated with at least one layer of the film of claim 9.
13. A mlcmolectronlc device containing the substrate of claim 12,

14. The process of claim 1 wherein said substrate is a silicon wafer.

RN 0O



thereof in the formof a gas, a sublined solid or a vaporized I“lq i
12. A substrate coated wth at
13. A mcroelectronic device containing the substrate of claim 12.
i 4. The process of claim1 wherein said substrate is a silicon

N )

| east

one |l ayer of the filmof cl
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