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(54) Tifle: METHOD FOR CURING SPIN-ON-GLASS FILM UTILIZING ELECTRON BEAM RADIATION

(57) Abstract

An clectron beam exposure method is described which provides a means of curing spin-on-glass (28) formed on a semiconductor
wafer (27) which insulates the conductive metal layer and planarizes the topography in the process of manufacturing multilayered integrated
circuits. The method utilizes a large area, uniform electron beam exposure system, including a cathode (22), an anode (26) and power
supplies (29, 30), in a soft vacuum environment. A wafer (27) coated with uncured siloxane spin-on-glass (28) is irradiated with electrons
of sufficient energy to penetrate the entire thickness of the spin-on-glass and is simultancously heated by infrared heaters, The wafer (27)
is exposed to a predetermined dose of electrons (44) while simultaneously raised to a peak temperature in a soft vacuum environment, The
electron beam and infrared heaters are then extinguished and the substrate or wafer (27) cooled before removing from vacoum.




terms of thickness by their tendency to crack when nmade in thick |ayers and
cured. 30 Spin-on-glass liquids consist of a silicon oxygen network of
pol ymers, one of which is WO 96/ 36070

PCT/ US96/ 06625 -2- sil oxane, dissolved in an organi'c solvent (typically a
conbi nati on of a high boiling point solvent and a | ow boiling point

sol vent). The W@%M6¥8®d spin-on-glass naterial is coated onto RCFEISHG/6625
sem conduct or wafer by spinning at high speed. The spin-on-glass nmateri al
fills gaps and the uneven topography of the integrated circuit wafer,
thereby 5 planarizing it. After spinning-bnto a substrate, |ow boiling
poi nt solvents are expelled via a | ow tenperature hot plate bake. The wafer
is then heated in vacuumor nitrogen to 300 - 400[err] C This renoves

hi gher boiling point solvents and conponents which can cause cracki ng and

corrosion at subsequent pr ' i e applied this
way. If thick coatings are%ﬁ@msm@%# cracks due to 10
shrinkage i n the baking st efHILIZING ERECGERONBEAMRABIAHEONred, nultiple
coatimgs must be applied and-vacuum baked. This is undesirable because of
the time consum ng process steps involved and the built up filmcan still
crack in the final cure. The BACKGROYINDOFTHE INVENTION t he spi n-on-gl ass .
| ayer is curing at very high tenperature. This breaks-down the sil oxane
material and crosslinks it to a silicon dioxide-like material. 15 To
obtai n a wat er -Fiekkof the Hsventibm:ee and sil anol -free spin-on-glass |ayer, very
hi gh tenperatures, typicakly.30 r - 90 re required in the final
curing step. Unfortunat ela@fyweﬂ?seg%lﬁseée@f%ufq a%g itagon fsffﬂk?"%@??%m
t enperature at devicekand)imererparficalaslyf td methads for coring shin-en-glase (oftenngeferred ©
about 450[err]C use.of the possibilify of melting al um num
i nt er connects. 2 usedmsesmconguci?rttgeylcg&cure at this | ower tenperature,
t he spin-ontegl ass fil mcontains significant anounts of residual silanols
and carbon, and,can [.eadj bsorh water. The dielectric properties-.(for
exanpl e, diel eg??ﬁc’gp@%gt% f*a" spi n-on-glass filmare

Interlayer dielectrics wtilized in multilevel interconnection in

manufacturing of ultra-large scale integrated circuits have requirements to provide gap
filling into high aspect ratio gaps (between metal cohductors) and a high flamess of the
15  topology (planarization). To meet these requirements, numerous interlevel dielectric
formation processes have been investigated. Tetraethylorthosilicate (TEOS) based
chemical vapor deposition (CVD), biased high density plasma CVD combined with
chemical mechanical polishing (CMP) have been developed. There are a number of
problems with “these technologies including: particle generation, process reliability,
20 cost and gap filling capability. Spin-on-glass processes have been utilized and offer
simplicity, better gap filling and planarization than these other techmques
In integrated circnit process technology, the fabrication of reliable
interconnect structures with high yields require the deposition of metallization layers of
uniform thickness and their subsequent patterning while preserving critical dimensions
25 and line widths. These process goals are difficult to realize unless the substrate is
planarized prior to the metallization step. That is, the interlayer dielectric must fill the
space between the closely packed vertical wall metal lines of the lower interconnect
level so as to produce a smooth topography. Spin-on-glass materials are limited in
terms of thickness by their tendency to crack when made in thick layers and cured.
30 Spin-on-glass liquids consist of a silicon oxygen network of polymers, one of which is .



i nfl uenced by the silanol and water content of the film In the fabrication
of integrated circuits it is inportant to have a low dielectric constant in
t he spin-on-glass since it 25 beconmes the insulating barrier between
signal conductors and thus, will deternmne the upper operating frequency of
acircuit advantage of thermal methods of curing ass
at high tenpepg%ﬁQ;‘ 5 cracking of the spin-on-glass film Begghgg e
spin-on-glass is constrained in a horizontal plane (at the substrate
interface), it can only shrink in the vertigal direction. This creates
great stresses in the spin-on-glass 30 firFl when it has been baked at
very high tenperature. These stresses, and the WO 96/ 36070

PCT/ US96/ 06625 - 3- subsequent cracking, have limted spin-on-glass
applications despite their favorable attributes: planarization and good gap
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steps and potenti al cont am nants, fi filled 0| ds Subseﬂment
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subsequent | y .caippRed ti§ SayON eHick 66atilps dre GSIA R Spifi-onlgtass ﬁlm cracks due to\N
alternative net d of .currng,. spin-on-glass is by ion jnplantation, In U S
Patent No. ¥ 1ghr é‘éﬁn@%ﬁwﬁmd If-2 thickep goasing s, dnyitipls cgatings must ng
ion be apphed and vacuum baked. This is undesirable because of the time consuming
process steps involved and the built up film can still crack in the final cure. The final
step in the forming of the spin-on-glass layer is curing at very high temperature. This -
breaks-down the siloxane material and crosslinks it to a silicon dioxide-like material.

15 To obtain a water-free, carbon-free and silanol-free spin-on-glass layer, very high
temperatures, typically 800° - 900° C, are required in the final curing step.
Unfortunately, in integrated circuit fabrication, the maximum temperature at which
spin-on-glass film can be cured is often limited to about 450°C because of the
possibility of melting aluminum interconnects. _

20 After a cure at this lower temperature, the spin-on-glass film contains
significant amounts of residual silanols and carbon, and can readily absorb water. The
dielectric properties (for example, dielectric constant) of a spin-on-glass film are
influenced by the silanol and water content of the film. In the fabrication of integrated
circuits it is important to have a low dielectric constant in the spin-on-glass since it

25 becomes the insulating barrier between signal conductors and thus, will determine the
upper operating frequency of a circuit. A major disadvantage of thermal methods of
curing spin on glass at high temperature is cracking of the spin-on-glass film. Because
the spin-on-glass is constrained in a horizontal plane (at the substrate interface), it can
only shrink in the vertical direction. This creates great stresses in the spin-on-glass

30 film when it has been baked at very high temperature. These stresses, and the



I mpl antation, which allows curing at |ower tenperatures while inproving the
oxi de etch rate. The high energy ions inpinge on the spin-on-glass |ayer
causi ng, heating and crosslinking. D sadvantages of this technique are that
only relatively thin | ayers can be 20 cured (~ 1000-2000A), it requires

hi gh vacuum environnments (< 2x10[err] Torr) and expensive €qui t. o,
hi gh energy i 0P80 use damage to the lattice structure of 1{)#2‘?%9(?%

and radi ati on danage to the underlying active circuits. Even higher and
more damagi ng inplant energies are required _to penetrate thicker oxide

| ayers. As shown by Moriya (N. Mriya et al-3r "Mdification Effects in
lon-1nplanted SiJerr] 25 Spin-in-dass,"” J. Electrochem Soc., Vol 140,
No. 5, May 1993, pp. 1442-1450), damage induced by the high energy ions can
drastically nodify the spin-on-glass (SOG film properties. Another

techni,que that GiteqigftcRERRE Sfifve il $pif BhinAY phikifors el el favorable
ultra-violet radiation and a”hotplate. I'n U S Patent No. 4,983,546, Hyun
et. 30 al. clattnibugesyplanatizatiopiand #ood| gapsfilling mbility.cAdditienally, thepetch ate; pfin

thermal ly cured | '
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present that” can cause subsequent cracking an am'nati on due to water
absor ption by titephysidalipropersies-bon. 5 Young- Bum Koh et. al'.
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al so report t ha&ﬁﬁf%&n&ﬂ &f&ﬁﬂg. The drawbacks to this approach are extra process steps and
potential of contaminants filling the unfilled voids. Subsequent high temperature
baking can trap gases within the voids which can then subsequently cause corrosion of
the metal conductors.

15 An alternative method of curing spin-on-glass is by ion implantation. In
U.S. Patent No. 5,192,697, Leong devised a method of curing spin-on-glass using ion
implantation, which allows curing at lower temperatres while improving the oxide
etch rate. The high energy ions impinge on the spin-on-glass layer causing, heating and
crosslinking. Disadvantages of this technique are that only relatively thin layers can be

20 cured (~1000-2000A), it requires high vacuum environments (< 2x10-3 Torr) and
expensive equipment. Also, high energy ions can cause damage to the lattice structure
of the oxides and radiation damage to the underlying active circuits. Even higher and
more damaging implant energies are required to penetrate thicker oxide layers. As
shown by Moriya (N. Moriya et al., “Modification Effects in lon-Implanted SiO:

25  Spin-in-Glass,” J. Electrochem. Soc., Vol 140, No. 5, May 1993, pp. 1442-1450),
damage induced by the high energy ions can drastically modify the spin-on-glass
(SOQG) film properties. _

Another technique that has been proposed to cure spin-on-glass is
utilizing ultra-violet radiation and a hotplate. In U.S. Patent No. 4,983,546, Hyun et.

30 al. claim to achieve spin-on-glass properties that are better than thermally cured spin-



irradiation requires 2-3 orders of nagnitude higher dose than ion beamto
crosslink the SOG material. This would indicate that el ectron beam
processi ng of SOG would require long process tines. In these prior art
techniques, if the spin-on-glass filmis not cured at 15 800[err] -
900[err]C, residual carbon is left in the film This can causgﬁ@pﬁﬁﬁﬂagnt
cracki ng and I8§§”@ﬂ”Pnsulating properties, and contam nation

nmetal interconnects in post cure processing. It is, therefore, desirable to
have a neans of curing spin-on-glass filns at |ow tenperature while

achi eving the same or superior characteristtcs of spin- on-glass filns
cured at high tenperature (800[err]C900[err]C. 20

Spi n-on-glass is used to planarize topography on integrated circuits. Wen
filling gaps or cavities of aspect ratio greater than 1, the spi'n-on-gl ass
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. there is a nee or means of curing spin-on- glass where higher aspect

ratio cavitio f meﬂucmgnclanﬂlaecadm buterptyglimipationc (Thex alsg. repprshal ARGHOR
siloxane type nglgifl feqlifesd-8 Orde?f o idgHitndd RBighe? o than ion beam to crosslink the

SOG material. This would indicate that electron beam processing of SOG would
require long process times.
In these prior art techniques, if the spin-on-glass film is not cured at

15 B00° - 900°C, residual carbon is left in the film. This can cause subsequent cracking
and loss of insulating properties, and contamination with the metal interconnects in
post cure processing. It is, therefore, desirable to have a means of curing spin-on-glass
films at low temperature while achieving the same or superior characteristics of spin-
on-glass films cured at high temperature (800°C-900°C).

20 Spin-on-glass is used to plamarize topography on integrated circuits.
When filling gaps or cavities of aspect ratio greater than 1, the spin-on-glass will
typically crack from shrinkage in thermal processing. Therefore, manufacturers of
semiconductor devices have had to utilize complicated and extensive processes to
encapsulate the spin-on-glass with CVD based oxides. This multi layer encapsulation

25 adds process steps, is costly, and can create defects. To avoid these problems
semiconductor manufacturers keep aspect ratios of the cavities to less than 1 to achieve
acceptable process yields and tolerable process margins. To achieve higher aspect ratio
gap filling requires multiple spins of thin spin-on-glass interleaved with chemical vapor
deposited oxides between the SOG films. The deposited interlayer or CVD films

30  reduce the shrinkage, stresses and cracking. With the push to higher density circuits,



5 have been reported by nunmerous workers for direct patterning and use in
| it hography. El ectron beans have been consi dered for crosslinking of
spin-on-glass films. A Inma and H Fukuda ("Novel Process for Direct

Del i neation of Spin on dass (SOG," Japanese J. Appl. Physics, Vol. 29,

No. 11, 1990, . 2653-2656) show a nethod of crosslinking spin-0on-alass
usi ng a finelyaﬁﬁﬁﬁgﬁﬂ el ectron beamto nake the SOG 10 insoF@Hﬁ%Mﬂﬂag

sol vent and thereby patterning it directly on a sem conductor substrate.
However, | mai and Fukuda only teach the use_of an e-beam for patterning the
spi-n-on- gl ass, not for final curing. Usingﬁhigh energy electrons to
performfinal curing of SOG materials is not obvious due to the history of

i nduced damage to sem conduct or oxide |ayers by 15 relatively | ow dosage
exposures of high energy electrons by e-beam|ithography tools. Therefore,
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el ectrons woul d_seem an anat hema to_hi gh yi el d device processing. reover,
there have beendensify triepnobe achieved, Clegely & & need, for d\meanscofiUBRg SRIRMBS o

sem caenduct or oy | i}ﬁﬂéc r 'qpm'i wako tronic
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This may have hiapaness brApnli PhysiosaYeli 29 Newdd 51999, ppi 2633:2656) shawisa method@f
curing. There i &u%ﬁi‘l‘ﬁﬁ t Ot B L Of i W R %%9 t fake
sem conduct or oxrdes whe ml rnr |sa§%#\t7\ﬁ§ g ségfoges orP e e??ron btg%ngoc;
maki ng e- beagn i insclublein asolyent andishereby pasteuiing: itidivectly oh agsemivanductos substrate.
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generate el ectrgﬂﬁh‘%ﬁeﬁ%g?"r“gﬁ&dggdn enecrhétﬂeeléset gﬁ%al rsdi?g e giﬂé%}‘m—on
glass, not for final curing.
Using high energy electrons to perform final curing of SOG materials is
not obvious due to the history of induced damage to semiconductor oxide layers by

.15 relatively low dosage exposures of high energy electrons by e-beam lithography tools.

Therefore, exposing semiconductor oxides to orders of magnitude higher doses of
electrons would seem an anathema to high yield device processing. Moreover, there
have been a myriad of deleterious effects found when e-beams expose semiconductor
oxides including: charge buildup, production of electronic states at the Si-SiO:
20 interface, and induced electron traps in oxides. These effects cause the following
problems in MOS devices: threshold voltage shifts, channel mobility degradation in .
transistors, and hot electron effects. Doses utilized in electron beam lithography are in
the range of 5 to 100 pC/cm?. It would seem that the orders of magnitude higher doses
that might be required to fully cure spin-on-glass would cause massive damage to
25  active oxides in semiconductor devices. This may have heretofore disconraged attempts
to utilize e-beams for SOG curing. _
There is a wealth of prior art showing e-beam damage to semiconductor
oxides when irradiated with high doses of electron beam making e-beam irradiation an
unobvious choice for curing SOG materials. When high energy electrons are incident
30 on an oxide layer, they generate electron hole pairs. Once generated the pairs can be
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PCT/ US96/ 06625 -6- separated due to a field in the oxide. The el ectron,
bei ng very nobile, transports relatively rapidly to the surface or a
conductor | ayer, whereas the hole nay be trapped near the silicon
dioxide/silicon interface. This trapping process is referred

posi tive char g®O¥IHOup. Positive charge build up is dependeh?“@%Mﬁans
tenperature. The 5 | ower the tenperature, the higher the charge build up
as the holes are less nobile at |ower tenperatures. Electronic states at
the silicon dioxide/silicon interface causeba subsequent CV curve to be
stretched out along the voltage axis instead of an ideal parallel shift.
Stretch-out occurs because | ess silicon bandbending is achi éved at a given
gat'e bias when interface states are present. Interface states can be

negat i vely char afgmciseath a'fohfn Wk RO RER. aiy Nhik! BaBpBI"
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damagi ng the ac \ ers. el ectron beam cufing of spin-on-glass
provi des benef i parallel sshift. sSiseieh-out easurs besanse dess pilicon hanﬂbqngmunismgvedt#em a
need exists to gyl B R -“}ggﬁ | | ayers, while still -
achi eving the h%ﬁﬁ%ﬁé?xﬁ?m gaam oggteﬁgl\‘/c&%sg@équi red to fully cure the
spin-on-gl agé. 25  Obj ednterfaee)stalgs san beysegativaly chargedeanshpancaffest thervhesshold

i nvention to prgwi.de: S;@E&Ys?g | @t BRSh : dﬁf&a |

sSpi n-on-gl ass rrg%ﬂggggﬁﬁq 1s u.?'t%er t he ogljtd[e{{:l 0 ?%ﬁ%sgift?\e\c/é#\%q?’gr?ff%um
provi de a meanselegtranurapsdn sificon dioxide films.| ayers to totally elinminate carbon

and achi eve Radiation induced neutral electron traps can enhance hot electron
instabilities. For MOS transistors with small dimensions, hot electron emission from
15 the silicon substrate into the silicon dioxide layer cam occur. A portion of these
electrons maybe trapped. This trapped charge causes undesirable affects such as

threshold voltage shifts and transconductance degradation.
For all of these reasons, electron beam irradiation of spin-on-glass as a
means of curing is not an attractive alternative to the prior art unless it can be done
20 without damaging the active device layers. If electron beam curing of spin-on-glass
provides beneficial and superior results over prior art techniques, then a need exists to
minimize e-beam damage to oxide layers, while still achieving the high electron beam

dose levels required to fully cure the spin-on-glass.

25  Objects and advantages:
It is the object of this invention to provide an improved low temperature
method of curing spin-on-glass material. It is further the object of this invention to .
provide a means of curing spin-on-glass layers to totally eliminate carbon and achieve
a denser and more etch resistant spin-on-glass film while maintaining peak process
30 temperatures under 250°C. It is further the object of this invention to provide a means



a denser and nore etch resistant spin-on-glass filmwhile maintaining peak
process 30 tenperatures under 250[err]C. It is further the object of this
i nvention to provide a nmeans WO 96/ 36070 .
PCT/ US96/ 006625 -7- of curing thick spin-on-glass |layers (thicker than can
be cured thermally w thout cracking) in single coats and ther

el imnating nuMQ Moats for thick | ayers, and being able tg’%ﬁjﬁ%‘mfﬁgse
spi n-on-gl ass | ayers wi thout cracking the thick spin-on coating. 5

It is also the object of this invention to provide a means of curing spin-
on-glass filnms such that thick spin-on-glas$ can be cured w thout cracking
and aspect ratios of greater than 2 or 3, which are currently inpossible
with prior art techni ques, can be achieved. Specifically it is the object
of this invention to provide an inproved 10 met hod for curing

spi n-on- gl ass Usf birdgNehick! SPih-oATRI4AS ARYdrs [(Mibker AR @ARdbe Rhred" SR without
simul taneously. It is.also the object of this_ invention to provide a nmeans
of curing spi n-STa¢RY) ia single-goats and thereby liminating mwlitiple, caars, for thick layerss jandg
by appl yi ng | ovgiind'@8fe fohadte! thdse lspiRicnoglas hfGY ivwitidut %kmgsm%t&nmﬁy

I mproving the properties of the spin-on- glass film Anothér object "of this

invention is to*99HB&%i de a nmeans of irradiating and 15 curing spin on gl ass

| ayers with § arge doses @f;ichi Bect i [ ' ?"H% e or
del et eri ous Jeffects i n t-%’sgﬁggpaygr%ﬂlﬁ%@%?yf?ﬂgglﬂ%ﬁﬁ t ir%ﬁ
i nvention to prefrglgss flmysuehthet thick spin-onrglass camnbeyeured withont cracking;andsaspest
uni formel ectr : b s d WqPR'alc N - (10
a0 11 Cor 1) RUSFBUEAL Gn 2 de, vl e Tolrlny TP SR wRnDrod bl (AR o'
or adj acent oxieade achieved. f urt her the object of this invention to provide a

o oo el oo il 'l b U ool e et
be attai ned®y methpd forgguringspingon-glass utilizing electron beam irradiation and infrared heat
simultaneously. It is also the object of this invention to provide a means of curing spin-
on-glass that protects the spin-on-glass against cracking by applying lower heat than
that typically required, while simultaneously improving the properties of the spin-on-
glass film. Another object of this invention is to provide a means of irradiating and
15  curing spin on glass layers with large doses of high energy electrons without inducing
damage or deleterious effects in the oxide layers, _
It is also the object of this invention to provide a means of curing spin-
on-glass with a large area uniform electron beam source irradiating spin-on-glass in a
soft vacuum (10 - 40 millitorr) so as to not induce deleterious effects in the SOG film
20 or adjacent oxides. It is further the object of this invention to provide a means of
curing spin-on-glass so that it achieves a higher index of refraction, higher etch
resistance and higher dielectric strength than can be attained by a thermal curing
technique of less than 800°C. A major advantage of this invention is the ability to
achieve close to the properties of thermally grown oxides with a low temperature cure

25 of spin on glass.
* SUMMARY OF THE INVENTION

The invention disclosed utilizes a large area electron beam to irradiate a
30 spin-on-glass material in a soft vacuum enviromment in combination with infra-red



techni que of less than 800[err]C. A major advantage of this invention is
the ability to achieve close to the properties of thermally grown oxides
with a |low tenperature cure 25 of spin on glass. SUMVARY OF THE | NVENTI ON
The invention disclosed utilizes a large area electron beamto irradiate a

30 spin-on-glass material in a soft vacuum environnment in coghi | W th
infra-red W O¥/3581870 PR RR:s
PCT/ US96/ 06625 -8- lanps to indirectly heat the wafer. This novel process
cures the spin-on-glass, dehsifies it, and elimnates all carbon and
sol-vents, while maintaining peak process te?rperatures under 250[err]C. The
spi n-on-gl ass | ayer coated on the wafer is irradiated with a bl anket

el ectron beamin a soft vacuum whil e being sinultaneously heated. This-
mnimzes any 5 del eterious affects to underlying sem conductor devices

and oxi des by indi f X ' badid i y
N@ihpE 8 indirEttly hedt 1R Fafek AIRE Rl ?{ogég;ﬁ gl]irb%'ﬁlg s?ﬂﬁoxﬂglﬁ_% Abfdhicd

the electron beamin the soft vacuum The ) ) pi n- | ass
(oxi de | ayer) ditrangdeliminatesali carbonand spluents,twhile reaintaining peak prosessdemperatyees m
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DESCRI PTI ON OF efemroprbeomcs soft yaguum whilenbeing simpitaneoustycheated, Bhis minimizesrany
view of the pro : )V ' S |
woparat us, the Sings G, 0 ks Seatlcl oSS bhd RS By KhRSLAg

DESCRI PTI ON OF spefacpRiErgRRizpesiterions srated by ithevelectron heem infhe Boft vaaumr e
spi n-on-gl ass ¥ itfn} in _%lgggp eV Se) SafifaR! fefiflor bedihd vE
The substrate 2 éiasﬂep cgfj Iil‘é;\gg ve{lc. um ¢ anbe“?°20 at Ba pressure of 1548
millitorr and uenhancss the eleptren beam Jndured condustiviy of dheamowmally insulating oxide
thereby draining charges from within the oxide layer to the neutralized surface.
10

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1 and 2 illustrate a cross-sectional view of the process of the
invention showing the electron beam exposure apparatus, the substrate being cured and
15 the vacuum chamber.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

This new and novel method to cure spin-on-glass materials at low

20 temperature is depicted in Figs. 1& 2. The substrate 27 is placed in a vacuum chamber
20 at a pressure of 15-40 millitorr and underneath an electron source at a distance
from the source sufficient for the electrons to generate ions in their transit between the
source and the substrate surface. The electrons can be generated from any type of
source that will work within a soft vacuum (15 - 40 millitorr) environment. A source

25 particularly well suited for this is described in US Patent No. 5,003,178, the
disclosure of which is hereby incorporated into this specification by reference. This is

a large uniform and stable source that can operate in a soft vacuum environment. The
cathode 22 emits electrons and these are accelerated by the field between the cathode

“and anode 26. The potential between these two electrodes is generated by the high

30  voltage supply 29 applied to the cathode 22 and the bias voltage supply 30 applied to



fromthe source sufficient for the electrons to generate ions in their
transit between the source and the substrate surface. The el ectrons can be
generated fromany type of source that will work within a soft vacuum (15 -
40 mllitorr) environnent. A source 25 particularly well suited for this
I's described in US Patent No. 5,003,178, the disclosure of which is hereby
i ncor por at ed | WQP638978 specification by reference. This is a FSHYE¥NFIor m
and stable source that can operate in a soft vacuum environnment. The
cathode 22 enmits electrons and these are accelerated by the field between
t he cat hode and anode 26. The potential bet%een these two el ectrodes is
generated by the high 30 voltage supply 29 applied to the cathode 22 and
t he bias voltage supply 30 applied to WO 96/ 36070

PCT/ US96/ 06625 -9- the anode 26. A sufficient electron energy is selected
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jons near the substrate surface will be attracted to this negative charge and will then
neutralize it. The lamps 36 (see Fig. 1) irradiate and heat the wafer or substrate
thereby controlling its temperature. Since the wafer is in a vacuum environment and
15 thermally isolated the wafer can be heated or cooled by radiation. If the lamps are
extinguished the wafer will radiate away its heat to the surrounding surfaces and gently
cool. In the preferred embodiment of the invention the wafer is simultaneously heated
by the infrared lamps and irradiated by the electron beam throughout the entire
process. The infrared quartz lamps are on continpously until the wafer temperature
20  reaches 200-250°C. The lamps are turned off and on at varying duty cycle to control
the wafer temperatre. The wafer and spin-on-glass coating are continually irradiated
with electrons until a sufficient dose 2500 to 10,000 uC/cm?2 have accumulated and the
spin-on-glass is cured. The heating of the substrate and the bombardment by electron
beam drives out the solvents in the spin-on-glass material and crosslinks it into a -
25  mostly silicon dioxide material. Using this technique, very thick layers of SOG can be
cured in less than ten minutes. Prior to the present invention, layers thicker than
3000A have not been able to be cured without cracking. This process provides for
curing thick spin-on-glass without cracking. Moreover, aspect ratios of greater than 2
or 3, which are currently impossible using prior art techniques, can be achieved with

30 the method of the invention. In addition we have found that the carbon in the spin-on-



extingui shed the wafer will radiate away its heat to the surrounding
surfaces and gently cool. In the preferred enbodi nent of the invention the
waf er is sinultaneously heated by the infrared |lanps and irradi ated by the
el ectron beam t hroughout the entire process. The infrared quartz |anps are
on continuously until the wafer tenperature 20 reaches 200-250!errlC. The
| anps are tur nXPMWI0And on at varying duty cycle to control 08625
tenperature. The wafer and spin-on-glass coating are continually irradi ated
with electrons until a sufficient dose 2500 to 10,000 [err]C/cnferr] have
accurmul ated and the spin-on-glass is cured:10The heating of the substrate
and t he bonbardnent by el ectron beamdrives out the solvents in the
spin-on-glass nmaterial and crosslinks it into a 25 nostly silicon dioxide
material. Using this technique, very thick |layers of SOG can be cured in
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creating high f S acr oss ayer
from the anode of the electron gun to the substrate, ionize a portion of the gas -

molecules creating positive ions. Any charge build up on the surface of the substrate is

quickly neutralized by the positive ions in the vicinity of the wafer surface. This allows
15  the exposure of spin-on-glass insulating films without any requirement for a conductive

coating to drain off charge. Subsurface charge dissipation (within the insulating or

silicon dioxide layer) is achieved by electron beam induced conductivity. The entire

wafer is exposed simultaneously by high energy electron beam. Therefore the entire

irradiated surface is made conductive and able to dissipate the charge injected by the
20 incident electrons to the surface where they are neutralized by positive ions.

Also, we have found that the combination of large area electron beam
irradiation and raising the temperature of the spin-on-glass increases the electron beam
conductivity of the oxide layers which dissipate charge build up created by the
impinging electron beam. This allows the silicon dioxide to be crosslinked and cured

25  without inducing any electron traps or positive charge build-up in the oxide layers.
This is a new and novel result. The electron beam induced conductivity effect is
dependent on substrate temperature (becoming more conductive with increasing
temperature). The method taught in this invention utilizes substrate temperatures
between 150° to 250°C. This process temperature increases the electron beam induced

30 conductivity effect and therefore accentuates the charge dissipation from the bulk



10 By way of contrast, in this invention a |arge area

el ectron source irradiates the entire wafer in a soft vacuum (10 - 40
mllitorr). The electrons traversing fromthe anode of the electron gun to
t he substrate, ionize a portion of the gas nol ecul es creating positive
lons. Any charge build up on the surface of the substrate is

neutrali%ed bquﬁﬁmﬁﬁ@itpve ions in the vicinity of the maferqgﬁ ﬂ%@ﬁﬂﬁhls
allows 15 the exposure of spin-on-glass insulating filnms w thout any

requi renent for a conductive coating to drain off charge. Subsurface charge
di ssipation (within the insulating or silichn dioxide layer) is achleved by
el ectron beam i nduced conductivity. The entire wafer is exposed

si mul t aneously by high energy el ectron beam Therefore the entire

i rradi ated surface is nade conductive and able to dissipate the charge
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-11- subsur fiace duplicates theechnditions desceibéchabos¢ wheret e chaygertrapoare generated in the
el ectron/ hol e tr%‘g Q"L"P early work on el ectron beaminduced conductivity it
|

was found that & el d across the oxide layer can trap charges in the
oxi de layer if the el ect rime-beanlithognaphy,adihelydocused beam writes over small portions

of the wafer surface. Although the oxide under the incident beam may be conductive,
the adjacent areas are not, creating lateral bias fields across device interfaces. With full
15  wafer exposure by the electron beam as taught by this invention, the entire surface of
the wafer and buried oxides are made conductive during irradiation and therefore there
are no lateral bias fields to create charge traps upon extinction of the incident beam.
In another embodiment of the invention, the infra-red lamps, are not
used to heat the wafer. The electron beam is used to both irradiate and heat the wafer.
20 By using very high current density electron irradiation to achieve faster processing
times, we have found that the electron beam will heat the wafer. If the power in the
beam is greater than the wafer can dissipate by radiation (the wafer is thermally
isolated from thermally conductive surfaces) the wafer will heat up. In this case the
product of the beam current and the beam voltage (power = current x voltage) is
25  greater than the power radiated away by the wafer, and therefore the wafer is heated
by the electron beam.
In a farther embodiment of the invention, the wafer or substrate can be
cooled via a cooled plate. This will keep the wafer or substrate closc to ambient
temperature and the spin-on-glass film can still be cured with only electron beam



the bias field is reduced to zero. This is the case with el ectron beam

it hography where 5 a bias field is created by the surface charge on the
oxide in high vacuum Conversely, it was found that no charges are trapped.
if the bias is reduced to zero prior to renoval of .the incident electron
beam Since the surface charge is continually neutralized in %Qf elﬁg on
exposure apparWOPE3§9ght with this invention a vani shingly shel/Ps8 ro
bi as across the oxide is present when the incident electron beamis turned
off. This 10 duplicates the conditions descri bed above where no charge
traps are generated in the oxide |ayer. |mlé& beam |ithography, a finely
focused beamwites over snmall portions of the wafer surface. Although the
oxi de under the incident beam may be conductive, the adjacent areas are
not, creating lateral bias fields across device interfaces. Wth full 15
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irradiating the SOG films with a large uniform electron beam in a soft vacuum
environment, electron beam damage to the sensitive oxides is minimized if not
elmﬁnated. It will also be appreciated that, although a number of specific embodiments
15 of the invention have been. described in detail for purposes of illustration, various
modifications may be made without departing from the spirit and scope of the

invention. Accordingly, the invention should not be fimited except as by the appended

claims.



WD 96/ 36070
PCT/ US96/ 06625 -12- irradiation. Thi-'s process could be used on devices that
cannot tolerate even the 200 C tenperature used in the enbodi ment descri bed
above. It will be appreciated fromthe foregoing that the present invention
represents a significant advance in the processing of spin-on-glass.
Speci fically tH&¥0%6360T0hventi on provides a nethod of curing spi
material with el ectron beamirradiation, curing of thick spin-on-glass
materials, and curing spin-on-glass materials at much | ower tenperatures
than normally required to eradicate carbon-13-oreign materials and ot her
contam nants of the SOG filnms. This inproved nmethod can be perforned nore
qui ckly than high tenperature thermal curing. Since it can be 10
performed at |ow tenperatures, it can achieve the desirable properties of
SOG fiyl M8 cured at 800C -900C wit hout ri sé lting of netallization
| ayers. And by irradiating the SOG filnms W | arge uni form el ectron beam .
in a soft vacuum environnent, electron beam danage to the sensitive oxides
is mnrimzed if W? Jmnated. It will also be appreciated that, although
a nunber of speciTli mbodi ments 15 of the invention have been descri bed
I n detail for purposes of illustration, various nodifications may be nade
wi t hout depariing from the @pinfetiodafd cueinpespiti-od-plass Matiiaisotn a RAHEEREAbY |
the invention should not be linmted except as by the appended cl ai ns. WO
96/ 36070 2 substrate, comprising the steps of: PCT/ US96/ 06625
-13- CLAI MBS claim 1 2 : . 3 Jan Phatss eSS
mat eri al s on\% sem conduc}tﬂg‘rzmﬁ osrulgg\{nrl %e#}%:-é;?n%rl S|]EI gf tfﬁlgﬂégt g?)? g?h:l&ﬁa

4 substrate in a vacuum chamber; )

irradiating the spin-on-glass layer with a large-area electron beam

providing substantially uniform exposure of the entire surface of the spin-on-glass

5

6

7 layer and having sufficient energy to penetrate the entire thickness of the layer;

8 continuing the irradiating step to reach a dose level sufficient to cure the
9

spin-on-glass layer; and

10 simultaneously applying heat to the spin-on-giass layer, bat maintaining
11 the layer at a relatively low temperature;
12 whereby the spin-on-glass layer is cured without cracking or other
13 damage.

1 2. A method as defined in claim 1, wherein:

2 the vacuum environment is a soft vacuum having a relatively high

3 vacuum pressure in the range 1-40 millitorr.

1 3. A method as defined in claim 1, wherein:
2 ‘the curing process takes place at peak temperatures less than

3 approximately 250 C.

« 1 4. A method as defined in claim 1, wherein:
2 the step of applying heat includes activating infrared heaters directed at

3 the spin-on-glass layer.
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3 pl acing or -l eaving a spin-on-glass layer fornmed on a

sem conduct or 4 substrate in a vacuum chanber; 5 i rradiating
the spin-on-glass layer with a large-area el ectron beam 6 providi ng
substantially uniform exposure of the entire surface of the spin-on-glass 7
| ayer and having sufficient energy to penetrate the entire thickness of the
| ayer; 8 WO 96/36070cont i nuing the irradiating step to r eac RCTUFOUY6F5% v |
sufficient to cure the 9 spin-on-glass layer; and 10

si mul t aneousl y applying heat to the spin-on-glass |layer, but nmaintaining 11

the ,layer at a relatively | ow tenperature; -14 wher eby t he

spi n-on-glass layer is cured w thout cracking or other 13 danage. 1

2. A method as defined in claim1l, wherein: 2 t he vacuum
environment is a soft vacuum having a relatively high 3 vacuum pressure in
the range 1-40 mllitorr. 1 3. Anethod as defined in claim1,

wherein: 2 he curi.n ocess, fakes, pl ace at peak
tenperatures Y ess than 3 %{dﬁﬂ?ﬁ?"ﬂ@g@% %cle_mi, wherels: 4. A nethod as
defined in clyaim1, where@p:jrrddiating step provides d B6seSinCihe GhngR et 2,500 tb €X0,000

I ncl udes activati ng, i nfrared heaters ‘directed at .3 the spin-on-glass |ayer.
WD 96/ 36070 3 Clenr. _ o
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wherein: 2 % . ?'hé P‘ret?ha ifgficﬁéh ! %%‘r Vi d@éﬂeﬁﬁgggea%ﬁti e rcé'%rge
of 2,500 to 10, aHstrateCtomprising the steps of: 6. A method for caring

spi n-on-glass materials o sem  conduct o .
P 9 3 &ag'mg or leav[fng a sp{n-on-glass layer formed on a semiconductor

4 substrate in a vacuum chamber;

5 placing the semiconductor substrate on a cooling plate;

6 irradiating the spin-on-glass layer with a large-area electron beam

7 providing substantially uniform exposure of the entire surface of the spin-on-glass

8 layer and having sufficient energy to penetrate the entire thickness of the layer;

9 continuing the irradiating step to reach a dose level sufficient to cure the
10 spin-on-glass layer;
1 simultaneously applying heat to the spin-on-glass layer; and
12 maintaining the layer and the semiconductor substrate at a relatively low -

13 temperature by means of the cooling plate;

14 whereby the spin-on-glass layer is cured without cracking or other
15 damage.

1 7. A method as defined in claim 6, wherein the spin-on-glass layer and
2 the semiconductor substrate are maintained at a temperawre below approximately 200
3 C.

1 8. A method for curing spin-on-glass materials on a semiconductor
2 substrate, comprising the steps of:

3 placing or leaving a spin-on-glass layer formed on a semiconductor
4 substrate in a vacuum chamber;
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2 substrate, conprising the steps of: 3 pl acing or |eaving a
spi n-on-gl ass | ayer forned on a sem conductor 4 substrate in a vacuum

chanber; 5 pl aci ng the sem conductor substrate on a cooling
plate; 6 irradiating the spin-on-glass layer with a

| arge-area el ectron beam 7 providing substantially uniform ex osure of t he
entire surface WO%R6078pi n-on-gl ass s | ayer and having suffi ci to
penetrate the entire thickness of the |ayer; 9 contl nU| ng the
irradiating step to reach a dose level sufficient to cure the 10

spi.n-on-gl ass |ayer; 11 si mull&neously applying heat to the
spi.n-on-gl ass | ayer; and 12 mai ntai ning the layer and the
seni conductor substrate at a relatively low 13 tenperature by neans of the
codling plate; 14 wher eby the spin-on-glass |ayer i's cured

Wi thouy cracks ng or ot her irt&distingeshe. spin-on-glass layer with 2. la@gaminosleamndb&dmed
in claimé, V\/nereln.the ass | aye 2thes ctaqr
substrate are® ndreyiding %&pﬂ&ﬁx %‘F‘éteﬁfPés“B"ePg%"'a g‘fo@”%‘o@'gbfs
8. A nethod fpr jgyérial®hiihg sulficiét: & ﬁﬁgﬁ%ﬁéﬂeﬁhﬁﬂi&%ﬁréﬁiﬂcﬁe@@ﬂﬂﬁk% yer;
substrate, conprising the steps of gqsam ng or |eaving a

spi n-on- gl ass8 | .ayer f or negomiming thenirradiating step toreacinadose devel sfficientdo gure the

chanber; 3
PCT/ US96/ 066\2/%) 98%"&‘3’;]9“ layer; irradi ati ng the spin-on-glass |ayer

with a | argeiar ea el ect r osinhstaectsly pppiying'hbg o uhes sphmon-glaksylayer], bov maimgikingr e

of the entire su ce of t n- on- gl ass | ayer and having sufficient
energy to pehbtr YP‘H@%"&E‘ Yéyh‘f’ Wg’?gmc‘)’f the I ayer;

12 maintaining in the vacuum chamber a soft vacuum having a relatively
13 high pressure in the range 10-40 millitorr, whereby any surface charge build-up,
14 occurring as a result of electron irradiation of the spin-on-glass layer, is neutrafized by
15 positive ions formed near the surface of the layer; and

16 inducing increased conductivity in the spin-on-glass layer, as a result of -
17 the impinging electron beam and increased temperature, whereby electrical charge is
18 more readily dissipated from subsurface layers of the spin-on-glass, and the occurrence
19 of electron/hole traps associated with electron beam radiation is reduced or eliminated;
20 and whereby the spin-on-glass layer is cured without cracking or other
21 damage.
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8 continuing the irradiating step to reach a dose |eve
sufficient to cure the 9 spin-on-glass layer; 10
si mul t aneously applying heat to the spin-on-glass |ayer, but maintaining 11
the layer at a relatively |ow tenperature; 12 mai ntaining in
t he vacuum chagber a soft vacuum having a relatively 13 high re.in
the range 10- 400, 7?‘orr, wher eby any surface charge buil d- uﬁgf’ﬁgﬁ%ﬁ&s
occurring as a result of electron i rradi attbn of t he spin-on-glass |ayer,
is neutralized byogS-——pgsitive ions-farmed near the surface of the-2@yer; 24
and 16 I nducT™sg_i ncre¢ased corductivity in the spis-on-glass
| ayer, as a result of 1
tedperature, whereby e
subsurface | ayg
el ectgon/ hol e A cte oTTbea =oiato y
el i m nated; 20 HESP 00 W €LY LRR\SRARARRAGAIS S W hAKSTR
wi t hout cr'hﬁg.g qi ot her {21 | damage.
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