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BACKGROUND OF THE INVENTION

The present invention is directed to the field of low pressure chemical vapor
deposition of sificon nitride films using bis(tertiarybutylamino)silane, a novel
organosilicon source material for silicon nitride.

In the fabﬁcaﬂon of semiconductor devices, a thin passive layer of a chemically
inert dielectric material such as, silicon nitride (SisN,) is essential. Thin layers of silicon
nitride function as diffusion masks, oxidation barriers, trench isolation, intermetallic
dielectric material with high dielectric breakdown voltages and passivation Iéyer's. Many
other applications of silicon nitride coaﬁngs in the fabrication of semiconductor devices
are reported elsewhere, see Semiconductor and Process technology handbook, edited
by Gary E. McGuire, Noyes Publication, New Jersey, (1988), pp 289-301; and Silicon
Processing for the VLSI ERA, Wolf, Stanley, and Talbert, Richard N., Lattice Press,

Sunset Beach, California (1990), pp 20-22, 327-330.



Processing for the VLSl ERA, Wl f, Stanley, and Tal bert, Richard N.,

Lattice Press,

Sunset Beach, California (1990), pp 20-22, 327-330.

2 The present sem conductor industry standard silicon nitride

growt h met hod

is by low pressure chemi gal vapor deposition in a hot wall

reactor at >750[err]C using dichlorosilane and anmoni a. Deposition
of silicon nitride over |large nunbers of silicon wafers has been
accowrpl i shed using many precursors. The | ow pressure chem cal vapor
deposition (LPCVD) using dichlorosilane and ammoni a requires deposition
tenperatures greater than 750[err]C to obtain reasonable growh rates and

uniformties.
the best film

Htén presepisemitonaiactor imdpstryedtamdesd aitieont nifpide grdwthemethey syt 0 get
properties. There are several drawbacks in these processes

and some ofow fressuré cheraial @ipbpueposition in a hot wall Bactosatt >Ps0°gndaig 850[err] C
gi ves poor hazy filnms with chlorine and particle contam nati on;

1) SilanedrRRrskilahs adammdnrR. are pyrophoric, toxic conpressed gases;
iii) Films formed fromdichlorosilane result in the formation of |ess

uni formfil ns;
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(LPCVD) using dichlorosilane and ammonia requires deposition temperatures greater

than 750°C to obtain reasonable growth rates and uniformities. Higher deposition

temperatures are typically employed to get the best film properties. There are several

drawbacks in these processes and some of these are as follows:

i) Deposition under 850°C gives poor hazy films with chlorine and particle
contamination;
il) Silane and dichlorosilane aré pyrophoric, toxic compressed gases;
iif) Films formed from dichlorosilane result in the formation of less uniform films;
| and
iv) Films from dichlorosilane have contaminants, such as chlorine and

ammonium chloride, which are formed as byproducts.

Japanese Patent 6-132284 describes deposition of silicon nitride using

organosilanes with a general formula (R;R,N), SiH,,, ( where R, and R, range from H-,

CH; -, C,Hs- C;Hy~, C4Hq-) by a plasma enhanced chemical _vap-or deposition and thermal
chemical vapor deposition in the presence of ammonia or nitrogen. The precursors
described here are tertiary amines and do not contain NH bonding as in the case of the
present invention. The deposition experiments were carried out in a single wafer reactor

at 400°C at high pressures of 80-100 Torr. The Si:N ratios in these films wers 0.2 (Si:N



organosilanes with a general fornula (Rlerr]Rerr]NJ[err] SiHerr] (where
Rlerr] and R err] range fromH, CHerr] -, Cerr]JHerr] (err]Herr],
Cerr]JHerr]-) by a plasma enhanced chem cal vapor deposition and thermnal
chenical vapor deposition in the presencg of ammonia or nitrogen. The
precursors described here are tertiary am nes and do not contain NH
bonding as in the case of the present invention. The deposition
experinments were carried out in a single wafer reactor at 400[err]C at

hi gh pressures of 80-100 Torr. The Si:Nratios in these-filnm were 0.9

(Si:N - 3 ratios in
Si [ er r] N er ratiosiin &gNj fimg isrGy S)wiémhydragengantandin te depositet éilrae phiss butyl i | ns.
The butyl radical is in the formof isobutyl. Sorita et al., J.

El ect r 0. Chenadicbis. in théoforrd 4fisobidgl2, (1994), pp 3505-3511, describe
deposition of silicon nitride using dichlorosilane and ammoni a using a
LPCVD process. TSodtanatjabs J.[HiexdwoCisen.Sdch| Yolp4dcHst2, #1994, ppn3808-351dsi | ane,
silicon nitride and amonium chloride. Formation of amoniumchloride is a
maj or dr awbaekcrie depbsitiorSof-silicoh nitridy @einy dichlprosiime sPE MM btia LS &t LREVD |
ammoni um chl oride leads to particle formation and deposition of anmmoni um

chloride at prdtRsaHeangiooprotilics intAR procksk Ard AfinoBhiovatiae, biliewsnigiad ahe

punpi hg system Processes which contain chlorine in the precursors result

i n NH[ err] ClapirRériirh icARridd NE§tndlibR e amRdniLRFIEHISRIe 1§ Q%B’&@rtpc\irﬁ\l'svﬁé‘éld' msﬁﬁcl\i/?i-

result inlarge down tine of the reactors. cott, J.
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Chentronics, 1989, 230-234., report deposition of si on nitride
formation and deposition of ammonium chloride at the backend of the tube and in the

plumbing lines and the pumping system. Processes which contain chloriﬁe in the
precursors result in NH,CI formation. These processes require frequent cleaning and
result in large down time of the reactors.

B. A. Scott, J. M. Martnez-Duart, D.B. Beach, T. N. Nguyen, R. D. Estes and
R.G. Séhad., Chemtronics, 1989, Vol 4, pp 230-234., report deposition of silicon nitride
using silane and ammonia by LPCVD in the temperature region of 250-400°C. Silane is
a pyrophoric gas and is difficult to control for the depasition of clean silicon nitride due to
partial gas phase reaction.

J. M..Grow, R. A. Levy, X. Fan and M. Bhaskaran, Materials Letters, 23, (1995),
pp 187-193, describe depositibn. of silicon nitride using ditertiarybutylsilane and ammonia
by LPCVD process in the temperature range of 600-700°C. The- depoéited silicon nitride
films were contaminated with carbon impurities (10 atomic %). This is mainly due to the
presence of direct Si-C boﬁds in the precursor.

A. K. Hochberg and D. L. O’'Meara, Mat. Res. Soc. Symp. Proc,. Vol. 204,
(1991‘), pp 509-514, report depaosition of silicon nitride and silicon oxynitride by using
diethylsilane with ammonia and nitric oxide by LPCVD. The deposition was carried out

in the temperatuye range of 650°C to 700°C. The deposition is limited to deposition at



using silane and anmonia by LPCVD in the tenperature region of
250-400[err]C. Silane is a pyrophoric gas and is difficult to control for
t he deposition of clean silicon nitride due to partial gas phase reaction.
J. M. Gow, R A Levy, X Fan and M Bpaskaran, Materials Letters, 23,
(1995), pp 187-193, describe deposition of silicon nitride using
ditertiarybutyl silane and ammonia by LPCVD process in the tenperature
range of 600-700[err]C. The deposited silicon nitride filnms were

contam nated with carbon inpurities (10 atomc % . This is mainly due to
the presence of direct Si-C bonds in the precursor. A K

Hochber g ag80ie ad the' d¥pasition fdtd drolBe fo bélew 4AMYIATAL [dReP ernpeYBtures2Qf the (1991),

pp 509-514, report deposition of silicon nitride and silicon oxynitride by

using di et povi br%ﬂ@sé"" BrécRSF8 Whfchadddtait &lFé&SQE'ﬁ%d&)bohgg@,ult H€arfgROSi tion

was carried out in the tenperature range of 650[err]C to 700[err]|C. The
deposi tion cbﬁﬁaHlﬁBt@ﬁq'n i AL Sarbbi Redbeposition requires greater than 5:1 NH,

0
4 650[ err] C and the deposition rate drops to be m n attlovver
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car bon bonds result I n car con .amnation I n ree
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(1950) . pp-482- 448 PIe0k paeE¥50 ABy PO Garobt <18 o Bhies™4f o fetsss VBL 2o
| nvol ved (1990), pp 482-484 disclose other atterﬁpts to reduce the amount of carbon involved
aminosilanes, such as tetrakis(dimethylamino)silane. The temperature of deposition is in
the range of 300-1000°C with pressures in the range of 1 mTorr-10 Torr, The presence
of_ direct Si-N bonds and the absenc;e of Si-C bonds were expected to give lower carbon
concenfrations in the films. However, t_heré are three main disadvantages with
precursors of this class.

1) They contain N-methyl groups, the methyl groups tend to migrate to the

silicon surféée readily and con_taminate the films with carbon during a CVD '

process. In order to reduce the amount of carbon, _thé process involves high

temperatures (>700) and high ammonia ratios (>10:1). With increased ammqnia

ratios the deposition rates dramatically reduce due to reactant depletion.

2) They do not contain NH bonding and they do not involve secondary silanes.

3) At lower temperatures the depositfon rates and uniformities are very poor

(5%).

The prior art has attempted to produce silicon nitride films at low temperatures, at
high d'eposition rates and low hydrogen and carbon contamination. However, the prior
art has not been sdccessful in achieving all these goals simultaneously with one silicon

precursor. The present invention has overcome the problems of the prior art with the



am nosi |l anes, such as tetraki s(di nethyl am no)silane. The tenperature of
deposition is in the range of 300-1000[err]C with pressures in the range
of 1 nlforr-1 O Torr. The presence of direct Si-N bonds and the absence of
Si - C bonds were expected to give |ower amrbon concentrations in the filns.
However, there are three main di sadvantages with precursors of this class.
1) They contain N-nethyl groups, the nethyl groups tend to migrate to the
sili:con surface readily and contam nate the filps with carbon during a CVvD
process. In order to reduce the amobunt of carbon, the process involves high

t enper at ur egsd of7dFecarder diiglie RS rmaticH ofTlicor hkide) whidth &Vvide wEePASIREMaBIONI a
rati os the deposition rates dramatically reduce due to reactant depletion.
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si | anes. ) At 'lower tenperatures the deposition rates an
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5 use of aRLecur sor unique to the formation of silicon nitride which
avoi ds the ﬁPgﬁql eI of pl asma deposition, operates at |ow thermal

conditions, avoids Si-C bonds to reduce

BRIEF SUMMARY OF THE INVENTION
The present invention is a process for the low pressure chemical vapor

deposition of silicon nitride on a substrate using ammonia and a silane of the formula:
(t-CHgNH),SiH,.

Preferably, the temperature of the substrate is in the range of approximately 500

to 800°C.
Preferably, the pressure is in the range of approximately 20 mTorr to 2 Torr.

Preferably, the molar ratio of ammonia to silane is greater than approximatel_y.

2:1.
Preferably, the substrate is silicon.
Preferably, the substrate is an electronic device.

_ Alternatively, the substrate is a flat panel display.
In a preferred embodiment the present invention is a low temperature chemical

vapor deposition of silicon nitride in a reaction zone, comprising the steps of:



carbon contam nation of the resulting filns, has | ow hydrogen

contam nation, as well as avoiding chlorine contam nation and operates at
| ow pressures (20 mlorr - 2 Torr) in a mnufacturable batch furnace (100
wafers or nore), as will be described inggreater detail bel ow

BRI EF SUMVARY OF THE | NVENTI ON he present invention is a process
for the | ow pressure chem cal vapor deposition of silicon nitride on a
substrate using ammonia and a silane of the fornul a:
(t-Clerr]Herr]NH)[err]SiHerr]. Preferably, the tenperature of

the substrate i s)itRatififa satittelo fRATHRIGIRLIRIHE RAGe of Appieidhateld 520-800°C
Preferably, the pressure is in the range of approximately 20 mforr to 2

Torr msald{oﬁgerabl y, the nolar ratio of amonia to silane is greater
t han approxi nat e Preferably, the substrate is silicon.

Preferably, the é)gngfl{aﬁﬁrg; the saestﬁ-,lt Hé@éliuﬁrrﬂﬁ‘éﬂ fiBssure in the range/Pet € Nati vely,

the substrate is nel a pre enbodi nent

t he present X)SL?IE{ gpzre c‘fh b%yrh‘eég?&a%ﬂ ure chem caI vapor deposition of

silicon nitH | On zone, conpr|3|ng the steps of:
¢) introducing into said zone ammonia and a silane of the formula:

(t-C,HgNH),SiH,; and
d) maintaining the conditions of a) through c) sufficient to cause a film of silicon

nitride to deposit on the substrate.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS

Not Applicable

DETAILED DESCRIPTION OF THE INVENleN

A large variety of "thin films" are used in the fabrication of Very Large Scale
Integration (VLS!) devices. These deposited thin films can be of metals, |
semiconductors, or insulators. The films may be thermally grown or deposited from the
.vapor phase using LPCVD). VLSI technology requires very thin insulators for a variety
of applications in both microprocessors and random-access memories device
fabrication. Silicon dioxide has been predominantly used as a dielectric material because
of its ease of. deposiﬁon and excellent properties at the SiO,/Si interface. Silicon nitride
has other advantages over silicon dioxide, some of these include impurity and dopant
resistant.diffu_sion barfiers, high dielectric breakdown voltages, superior mechanical and
inher;ent inertness of SigN,. |

ln'VLSI fabrication a large set of rigorous chemical, structural, process and

electrical requirements need to be satisfied. Purity of the film, thickness, uniformity and



6 a) heating a substrate to a tenperature in the range of

approxi mately 500-800[err]C in said zone; b) maintaining the
substrate in a vacuumat a pressure in the range of approximately _
20mTorr-2Torr in said zone; c) introducing into said zone amoni a
and a silane of the fornul a: (t-CJerr]Herr]NH)[err]SiHerr]; and _

d) maintaining the conditions of a) through c) sufficient to cause a film
of siflicon nitride to deposit on the substrate. BRI EF
DESCRI PTI ON OF SEVERAL VI EWs OF THE DRAW NGS

Not lica LOF THE | NVENTI ON
A a'rb\gg var Iéee?wys@?n r%t?ﬁ ?fefﬁomﬁsd the %t"ﬁtye??nfrﬂllrﬁ r?'ﬁ%ﬁ:tgtf? a@ffa%ﬁ?W&f ge
Scal e Integrati.on i ces... These, deposited thin filnms can be o
net al s, %@8}\‘3’%% E’ra fdes- Jt @r%maf?ﬁég‘fqr‘F% nHie fakricatier@ad| y grown or
deposi ted fromthe por ha e usi ng, LPCVD). VLSI technol ogy requires very
t h!on i nsul at rmgr,xceao \?aq‘%" Jf th Bﬂeannoqmﬁwan Retsatriedaut ablemperateress and
random access menories device fabrication. Silicon dioxide has been
pr edoni nant | lowekthan §30°¢. fHiliqoasouce matedsls far depesitingsilicon nittide wadsr LECVD
deposi tion and excellent properties at the SiJerr]/Si interface. Silicon
nitride hascanditions althesa ratures ase limiteshtodbilang ahyd dishlonesitdnet Hesafe] retidbisle
impurity and dopant resistant diffusion barriers, high dielectric
“br eakdown vdpPwieraperatiug s¥icay nittide Isawice ahateniad has ahreilcemnnsunnethenmndbgues
Si[err]Nerr].
such as; flat panel display devices, other electronic and non-electronic- substrates or
compound semiconductor device fabrication.
The present invention is directed to bis(tertiarybutylamino)silanes as a class of
aminosilanes that deposit silicon nitride at unexpectedly low temperatures with superior
uniformities.

The bis(tertiarybutylamino)silane meets the following formula:

(t-C4HgNH),Si(H),.

The deposited films have superior uniformities and are free of ammonium
chlorid;' and chlorine contamir-lation. The bis(tertiarybutylamino)silane apparently has
the property to deposit silicon nitride at 250-300°C below that of the dichiorosilane +
ammonia process by LPCVD. Anal.ogous aminosilanes which contain ligands, such as
n-butylamines and tetrakis(dimethylamino)silane, do not deposit carbon free films at
such low temperatures by LPCVD, and the film uhiformities are poorer.

The remarkable advantages of bis(tertiarybutylamino)silane may be attributable
to the inherent property of t-butyl amine ligands in bis(tertiarybutylamino)silane. During
pyrolysis of bis(tertiarybutylamino)silane, the t-butyl amine ligand may eliminate readily
as isobutylene. Isobutylene is a very stable, good leaving group and thus does not

contaminate silicon nitride films during deposition. In comparison to the



In VLSI fabrication a |large set of rigorous chem cal, structural, process
and electrical requirenents need to be satisfied. Purity of the film

t hi ckness, uniformty and

7 . deposition rates are sone of the strgctly controlled paraneters to
facilitate fabrication of submcron features in a device. It is a mgjor
advantage in the fabrication and performance of a device if the deposition
process can be carried out at tenperatures |ower than 850[err]C. Silicon
source materials for depositing silicon nitride under LPCVD conditions at
t hese terrper tures are limted to silane and dichlorosilane. A safe,
reliable Ikyaminosianes. tertinryoutylaming groups are wererkesisithan dinlkylamings dusttoons
i n ot her technologles such as; flat panel display devices, other

el ectroni c ahe PrRsenes etthe sitiogertivdogen W-bermmmlmeom Tevi ce
fabrication. The present invention is directed to

bi s(tertiar yMQﬁ?ﬂCGrﬁf Hie) NiH bansimays faciltate dabile B-hydridertransfente Sortrhdiamitesitariet
silicon nitride at unexpectedly |ow tenperatures with superior

uni f or m t i esand cleavage of thedettiarybulyt groap gbisopltglenao) si | ane neets the

foll owi ng formnul a:

(t-d err] H err] NHpfher afBintadeb of bik(tertiarybutylamirid)silasle Ras bé edmhidrized B3 Yolows:
superior uniformties and are free of ammonium chloride and chlorine

cont ami nat i ot). it Shendn-pyrosHotic a6ty tsydbiaiqui) wikh 8vapcrpRstsard dfy7. 136 at 46-
property to deposit silicon nitride at 250-300[err] C bel ow that of the
di chl orosi | a#®C+ ammoni a process by LPCVD. Anal ogous am nosil anes which
contain |igands, such as

2) It does not have any chlorine in the precursor. The Si-Cl bonds in dichlorosilane leads
to the formation of ammonium chioride which deposits in the back end of the tube and
requires frequent cleaning.

3) The precursor Boes not contain direct Si-C bonds, and the résulting silicon; nitride
films were carbon.free, as indicated by auger spectroscopy.

4) Tﬁe t—butyl amino ligands behave as good leaving groups to form isobutylene and are
readily eliminated during pyrolysis. This is thought to be in part because the compoqrig.:l
has a N-H bond. This additional advantage helps in removing all the carbon cleanly |
without contaminating the deposited films.

5) When compared to the dichlorosilane and ammeonia process,
bis(tertiarybutylamino)silane gives sdperior uniformities. This may be due to the
presence of bulky t.-butyl aminoe ligand. The steric bulk of these ligands helps in
increased mobility of the molecules on the surface of the substrate which results in
higher uniformity.

6) When compared to other amines, such as; diamino, dimethylamino and other
alkylamines, the deposition temperature using these precursars can be lower by 250-

300°C.
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bi s(tertiarybutyl am no)silane can be sogumgfed as fol |l ows:

of the nitrogen-hydrogen bond (N-H)
presence of the NNH bond may facilitate
and cl eavage of the

O her advant ages of

1) It

free

such low tenperatures by LPCVD, and the filmuniformties are
The remar kabl e advant ages of bis(tertiarybutyl am no)sil ane
to the inherent pr

in
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is a

non- pyrophoric volatile stable I|qU|d with a vapor pressure of 7 5 Torr at

40- 45C. 2

=t UUEb Mot IIdVE =1l 0] -1 U TB
bonds in dichl oros#.l]e@n l.gads 3(/ 1%’;.; DI Bis[)n of gpm%mgﬁg r\P ori de whi ch
deposits in the back eng of the ng E@P ui rfes freque eani ng. |3)
The precursof does not contaln - Capandg, and t he resultlng si lfi con
nitride fil po—ioe—carlen=——_:x »==§§=*iﬁ¥ A : GO
as at 00" _ .
SiH, + NH;, ambient | Plasma | reaction. Silicon rich at lower
process | temperatures. Films may
contain hydrogen.
Gas at >750 Corrosive gas. Direct Si-Cl
Cl,SiH, + NH; ambient bonds. Chlorine contamination.
Ammonium chloride as
3 byproduct.
(C,Hs),SiH, + NH, 100 at 20 | 650-725 | Poor uniformities. Direct Si-C
bonds. Direct Si-Cl bonds.
Carbon impurities in the films
>2%. May require cage boats
and temperature ramping.
(t-C;H;).SiH, + NH, 20.5at | 600-700 | Direct Si-C bonds. Carbon
20 . | content(10at%)in the fiims.
[(CH3)N]:SIR + NH, 16 at 25 | 700-1000 | Direct Si-C bonds. Carbon
_ . | content in the films >2% and
R= H or CH3 require high ammonia to source
ratios (30:1). Poor uniformities
of >5%.
(t-C4H NH),SiH, 7.5 at 45 | 500-1000 | No Si-C bonds, no carbon
(present invention) ' contamination, good uniformity
and high deposition rate.
(t-CiHg),Si(NH,), + NH; | 2.1 at 39 | 600-700 | Direct Si-C bonds. Carbon
' _ | contamination in the films.

The bis(tertiarybutylamino)silane compound is also more desirable than

ditertiarybutylamino analog for the N-H bonding properties discussed above, and

bis(tertiarybutylamino)silane is more desirable than the mono, tri or tetrakis

(tertiarybutylamino) analog because the mono analog is unstable, the tri substituted

analog has significant delivery problems, the tetrakis (tertiary butylamino)silane analog



4) The t-butyl am no |igands behave as good | eaving groups to form

| sobutyl ene and are readily elimnated during pyrolysis. This is thought
to be in part because the conpound has a N-H bond. This additional

advant age hel ps in renoving all the caran cleanly w thout contam nating
the deposited filns. 5) Wen conpared to the dichlorosilane and amoni a
process, bis(tertiarybutylam no)silane gives superior uniformties. This
may be due to the presence of bulky t-butyl amino ligand. The steric bul k
of these ligands helps in increased nobility of the nolecules on the

surface of the substrate which results i hi gher uniformty. ., 6 e
Compar ot o MU Bieh gt Bireauie i selinoths reaPpi sl Bl etk oF
B M A da o s st S BnT ahd bl irosdie s dorneroial g | 0"

A conparison of gther precursor_ deposition tenperatures, precursor and film
properties are giQ&im ﬁhcpgmtgdelﬁlms. the bis(tertiarybutylamino)silane and ammeonia are

TABLE 1 . Vapor Deposi - Precur sor
and Film allowed tpreadh insthe seactor tube atmanelayated tempergiure (preferably 500°C-800°C, -
Properties : STorr TenB. )
@err] 0 but the tesppgraiure could be less or greater h_an this range). Reagliogtmay ogpor aititer
Pyrophori c gas. Gas phase SiHerr] + NHerr] anbi ent
Pl asma r eaotthesurfagelor eeny close lto thie wajersurface to deposit a thin silicon nitride film. If
process tenperatures. Filnms may
cont ai n hydtimegraction occurs in the gas phase (a homogeneous reaction) then clusters of silicon
nitride are formed. Such cases are typical in silane and ammonia process. When the
reaction occurs close to the wafer surface then the resuiting films are of superior
uniformities. Thus, one important requirement for CVD application is the degree to
which heterogeneous reactions are favored over gas phase reactions.

The CVD process can be grouped into a) a gas-phase process and b) a surface
reaction prdcess. The gas phase phenomenon is the rate at which gases impinge on
the substrate. This is modeled by the rate at vs{hich gases cross the boundary layer that
separates the bulk regions of ﬂowirig gas and substrate surface. Such transport
processes occur by gas-phase diffusion, which is proportional to the difiusivity of the gas
and concentration gradient across the boundary layer. Several surface processes can
be important when the gases reach the hot surface, but the surface reaction, in general,
can be modeled by a thermally activated phenamenon which proceeds at a rate which is
a function of the frequency factor, the activation energy, and the temperature.

The surface reaction rate increases with increasing temperature. For a given
surface reaction, the temperature may rise high enough so that the reaction rate
exceeds the rate at which reactant species arrive at the surface. In such cases, the

reaction cannot proceed any more rapidly than the rate at which reactant gases are

supplied to the substrate by mass transport. This is referred to as a mass-transport



Gas at >750 Corrosive gas. Direct Si-d Cllerr]SiHerr] +

NH[ err] anbi ent bonds. Chl orine contam nati on.
Ammoni um chl ori de as ~ byproduct. (derr]Herr]SiHerr] +
NH err] 100 at 20 650-725 Poor unifjermties. Direct S| -C

bonds. Direct Si-Cd bonds.

Carbon inmpurities in the filns:

>2% May require cage boats

and tenperature ranping. (t-Cerr]Herr]SiHerr] + NHerr] 20.5 at

Sgg t (732'? ( 13&%@% déﬂogﬁo? ﬁfb%ﬁss CR{IQQF (tepitperatjxrﬁﬁtg? rsrrgaCﬁ rfaﬁi_c’[n ratﬁ is reciv.g:gg,t o5
7R90 ng?O CH? ‘? gf’entlﬁlly ?héj f&%@htra%n 5t Peactants Féc&ﬁdg @eﬁ%hat ﬁhlﬁﬂh‘ﬁgy gre mss OZrZOCA)eand
of Sa06 > otsume %ﬁﬁﬁ? 'ﬁfﬁﬁcsrfﬁ?ﬁpp[pé?ﬁ% Hpgs e confie e deposin 20iS o

Si - C bonds, nq car i nve nt
clont ami nat mq%on@l ()q;gﬂ[qﬁ?q oFHSs %P hlgh emperatures he c?eposmon is usually
and hi gh deposition rat -Ce H[err]Sl( NH[ er + NH err] 2.
39 600- 7psstifanapqrt ‘ST"W@ WG}‘R@ lower ﬁ?ﬁ‘}i’ef atyrgh ftdn e PtfﬁaCtPﬁ raﬁeﬂ@ttepr I"Fns
The bis(tertiarybutyl am no)silane conpound is also nore desirable than . -
di terti arygatupl pierersessthe tnmpasaturenat which therdepayjlion eqneition aroves S eraiofabove,
and bis(tertiarybutylamno)silane is nore desirable than the nono, tri or
tetrakis (hesetgrewthragivieans ihe)otherds depanseateeihelrstivatinn eaeray of thesreanlianabl e,
the tri substituted analog has significant delivery problens, the tetrakis
(tertiary aththegasfiovecorditionsirathegeactor. Thus, it Is difficult to extrapolate process
10 has much | ower vapor pressure and cannot be readily. synthesized due
to steric lzohditiods ortresultsifigenoise pressure iregiine o temperatursd regingetd drothiesf or e,
i nappropriate for comer.cial use. To formsilicon nitride filns,
the bis(tertiaryingryteaseshataleanr uader reactioniratedintted conditions, the temperature

of the process is an important parameter. That is, uniform deposition ratés"”tﬁfoi:f@hout a

reactor require conditions that maintain a constant reaction rate. This, in turn, implies

that a constant temperature must exist everywhere on all wafer surfaces. On the other

hand, under such conditions, the rate at which reactants reach the surface is not

important, since their concentration does not limit the growth rate. Thus, it is not as

critical that a reactor be designed to supply an equal fiux of reactants to all locations of a

wafer surface. It should be appreciated that in LPCVD reactors, wafers can be stacked

vertically and at very close spacing because such systems operate in a reaction rate

limited mode. The reason for this is as follows: Under the low pressure of an LPCVD

reactor ~1 torr, the diffusivity of the gas species is increased by a factor of 1000 over

that at atmospheric pressure, and this is only partially offset by the fact that the

boundary layer, the distance across which the reactants must diffuse, increases by less

than the square root of the pressure. The net effect is that there is more than an order

of magnitude increase in the transport of reactants to and byproducts away from the

substrate surface, and the rate-limiting step is thus the surface reaction.



allowed to react in the reactor tube at an el evated tenperature (preferably
500[ err] CG-800C, but the tenperature could be |ess or greater than this
range). Reaction may occur either on the surface or very close to the
waf er surface to deposit a thin siliconqgitride film If the reaction
occurs in the gas phase (a honpbgeneous reaction) then clusters of silicon
nitride are forned. Such cases are typical in silane and amoni a process.
When the reaction occurs close to the wafer surface then the resulting
films are of superior wuniformties. Thus, one inportant requirenent for
CVD application is the degree to which heterogeneous reactions are favored
over gas phase Thaptdsense of the tertiary-blitybgioupirpbisitertiarybuatplaimino)sianged into a) a
gas- phase process and b) a surface reaction process. The gas phase

phenonenonapgarkhtly iekbscthatsurfhitecieadiivasathwadisizhe hence thealepodidfithe havdas i s
nodel ed by the rate at which gases cross the boundary |ayer that separates

the bul k r aghetivy uRforfritpWhed compatiddo DtHes bfcdbSseBlEfehtR lowdi EdmpdraflpdOr t
processes occur by gas-phase diffusion, which is proportional to the

di ffusi vi t ypafe iR vEAHE depdished RBME N FIVIIhEH\RMLE Rackt! A5deschSedOdIOWar ¥
| ayer. Several surface processes can be inportant when the gases reach the

hot surface, butLo&vgf%%gFé a%i{:ﬁ%fxérﬁﬁégoéiﬁorgﬁﬁ%ﬂes (Lm)amﬁ@ﬂ&ﬂgay a

thermal |y activate nonenon raceeds at a rate

function oOftdygnd fh%ggl‘ae?ﬂléwéﬁﬁ ke pldds i@ﬁ%ir?\‘ééshfénraﬁ b0%omT8E tc?}ﬁﬂ'orr. The .

t enper at ur e: _ ace reaction rate in€reases w th'increasing
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substrate by maﬁ)s Rte[cxc gﬁ_,soa{ré intr-ggiuged iﬁtortﬁt]; Feac lgn Sarfer &n msa?/-bterdaﬂﬂtse%ovx;iaﬂ

inert gases, if needed; |

2) The reactants are éilowed to diffuse to the substrate;

3) The reactants are adsorbed on the substrate, and the adsorbed molecules

undergo migration; and |

4) Chemical reactions ocdur on the surface, and the gaseous byproducts of the

reaction are desorbed, leaving béhind the deposited film. The reactions are

initiated by several methods; é.g., thermal or photons. Thermal énergy is used in

the LPCVD process.

Horizontal tube hot wall reactors are the most widely used for LPCVD in VLSI
manufacturing. Théy are émpioyed for dépositing poly-Si, silicon nitride, undoped and
doped silicon dioxide films. These reactors are used extensively because they are
economical, have high throughputs, their deposited films are uniform and they can
accommodate larée diameter wafers ( 6" -12"). Their main disadvantages are
suscéptibility to pérticulate contamination and low deposition rates.

The vertical flow isothermal LPCVD reactor may also be used for deposition of

silicon dioxide. Here, the reactor configuration can avoid the wafer-to-wafer reactant



limted deposition process. At |ower tenperatures, the surface reaction
rate is reduced, and eventually the concentration of reactants exceeds the
rate at which they are consuned by the surface reaction process. Under
such conditions the deposition rate is qgeaction rate limted. Thus, at

hi gh tenperatures, the deposition is usually mass-transport limted, while
at lower tenperatures it is surface-reaction rate-limted. In actual
processes, the tenperature at which the deposition condition noves from one
of these gromh regines to the other is dependent on the activation energy
of the reaction, and the gas flow conditions in the reactor. Thus, it is
difficult to extrapolate process conditions or resuJts fromqne pressure
regi me or t‘é"rPE%P&tqffPEtsf gB?YT@qFBeHH&W?t”re ramping, prqduge BIgBYdofMat are run
under reaction rate-limted conditions, the tenperature of the process is
an i npor t an¥enesitigneerd repetiedly achievelpywpapicyiaioeantagiation: es t hr oughout a
reactor require conditions that maintain a constant reaction rate. This, in
turn, inplies thainddcethedow pressugmonditionsdintigreasior, N appeapyiatecyasuom al |

waf er surfaces. On the other hand, under such conditions, the rate at

whi ch react system issaasessane Eonthe peesent ewperimentsothe aacyuns systemicpsisted of a
concentration does not |limt the gromh rate. Thus, it is not ‘as critical
t hat a r eactabarylvane painpineals blowstpgrhlinationeamdalariblisicold fraps dbe aeactort presdure

| ocations of a wafer surface. It should be appreciated that in LPCVD
react ors, wifeanolseibytecapasitdned manonisterdtédbasktb athrottle yalué osmtralipa Reagtor
because such systens operate in a reaction rate |imted node. The reason
for this isicading@ohsis@d ofksighty 100 enrh dnpstessiicon waferaat drRf\pacingametaptardl
torr, the diffusivity of the gas species is increased by a factor of 1000

over that gffusibADeMeeThe bBAIEWEré Posifdhdioni Ssled, sohat tidwhiend tohtesiwhe Dy
the fact that the boundary |ayer, the distance across which the reactants

must di ffuseugﬁuﬂ%{:@@mé cBittet 68Re rdddfitn b8, sgwr@ddce@b udfforrhBorRieEmgee. The
a

net effect is t there is nore than an order

around the wafer peripheries by compepsating for conductance restrictions caused by
the boats and the sled. The temperature uniformity across the wafer load for the data
presented was + 1°C as measured by an internal multi-junction thermocouple.
Deposition uniformity down the wafer load is improved by a temperature ramp.

Our deposition experiments were carriedoutina horizﬁntal tube reactor; but the
depqsition with this precursor will occur even in a vertical tube reactor. The precursor
was fed fhrough an open port near tﬁe joad door, Ammonia was also fed from a po.rt
near the door of the furnace separately.

. The present invention of a method of depositing substantiaily pure thin silicon
nitride films on silicon wafers by using a bis(tertiarybutylamino)silane precursor has been
demonstrated experimentally. The bis(tertiarybutylain.ino)silane is a non-pyrophoric
volatile liquid which is safer to handle than silane and dichlorosilane. The deposition
process is carried out at preferably 20mTorr-2Torr in the temperature range of prefefably
500°é to 800°C using vapors from bis(tertiarybutylamino)silane and ammonia.

Optionally, an inert gas diluent, such as nitrogen or argon, can be used to dilute and



of magnitude increase in the transport of reactants to and byproducts away
fromthe substrate surface, and the rate-limting step is thus the surface
reaction. 12

The presence of the tertiary-butyl gr oup]‘tn bi s(tertiarybutyl am no)sil ane
apparently hel ps the surface reaction pathways and hence the deposited
films have a superior uniformty when conpared to other processes, even at
| ower tenperatures. These filnms were deposited using an LPCVD hot wall ed
reactor, as described bel ow Low pressure chem cal vapor deposition
rocesses (LP I nyolve chenical  reactions, that are allowed to take

BI ace in th@%@i@]’?ﬁe?“dﬁﬁ togﬁ%m@(feeﬁda@ FAPMORIRL cheni cal vapor
deposition (CYD). process, capn be described in_the foll ow ng_sequence of
steps at a &%@h‘ Z?"@Pﬁ}séa,"ep?@s%?@méﬁdprﬁfﬂ? y greataréhano 2k ant s:

1) Reactants are introduced into the reaction chanber and may be dil uted

wth I nert gases, if needed; 2) The reactants are all owed
to diffuse to the substrate; 3% The reactants are adsorbed on the
substrate, and the adsorbed nol ecul es Example 1 undergo ni grati on; and
4) Chem cal reactions occur on the surface, and the gaseous byproducts of
t he r eactliherpregess inyolyed eafictiorealy bistfettistybutylantiao)dignesvitheamimohim  The
reactions are "~ initiated by several methods; e.g., thermal or

phot ons. Theandet LRGP gonditonsdlewv prassure range of i20n TROVEY gir)o Gbe precursor and
amrﬁonia are introduced into the heated reactor (500-800°C§ via injectors placed at the
door. The ma&ants are flowed over wéfers into the evacuated chamber. The ammonia-
to silicon source is kept at a ratio in the range of 2:1- 10:1. A continuous film of silicon
nitride is deposited upon the surface of a silicon wafer. These films are suitable for
integrated circuit manufacture. A typical run was carried out in 2 150mm hot wail
LPCVD horizontal tube reactor, although the apparatus configuration is not critical. The
process invoi\(es loading the quartz reactor with 75 to 100 silicon wafers; evacuating the
system; letting the wafers come to a desired temperature at which the deposition will be
carried out. The energy required for this reaction can be supplied by simple re_sistive a
heating. However, simple, resistive heating is advantageous Secause the equipment is
less expensive, and one avoids radiative film damage often associated with plasma

reactors.

The films are characterized by infrared spectroscopy and refractive index. FT-IR
spectrum is consistent with silicon nitride films deposited from other known nitride
precursors e.g. dichlorosilane + ammonia. There are moderate absorption bands in the
Si-H .stretching region at 2100cm ! and a strong Si-N stretch at 834cm!. Refractive
indices for these films were measufed by ellipsometry at 632.4 nm and the refractive

indices ranged from 1.95-2.01 for these films. Silicon nitride films were characterized by



Hori zontal tube hot wall reactors are the nost widely used for LPCVD in
VLSI manufacturing. They are enployed for depositing poly-Si, silicon
nitride, undoped and doped silicon dioxide filnms. These reactors are used
extensively because they are econom calg have high throughputs, their
deposited filnms are uniformand they can accommobdate | arge di aneter waters
( 6" -12"). Their main disadvantages are susceptibility to particul ate
contam nation and | ow deposition rates. The vertical flow

i sothermal LPCVD reactor may al so be used for deposition of silicon

di oxi de. Here, the reactor configuration can avoid the wafer-to-wafer

react ant 13 depl etion
effects. They require no tenperature ranping, produce highly uniform

deposi tiong, and,r [ t.edl higve | o art | ntamnatio

To i nduce ?ﬁ' ! %Wﬁ?@b%ﬁ%‘yg%h&ﬁﬁgﬂh%a%‘ﬁ" {‘{‘\"@%ﬁéé&?ﬁl 8 °3ﬁ58“§’5&\e§?e vacuum
systemis cessary. For present. experi ment. t he . vacuum s m
conststed drswer sepited, dheieReaes SERiE R R SR bR aN B Pous col o
traps. The reacto ressure 1Ls controlled. capaci tance nmanomnet er
feodback. t MEGER, Dhd FaInRARIoR of ees Aves RHD SiroustbinegieRtne! 86 Bt

ei ghty 100 mm di aneter silicon wafers at 9nmm spaci ng, Ln standard diffusion
boats. The @9e8 and carbp wers belew thadefectiopdimits 4= 2ialamic e ofdhefudetent ers were
slightly above the center of the reaction tube. This produces a uniform
conduct ancSPeelFeRgARY-t he waf er peri pheries by conpensating for conductance

restrictions caused by the boats and the sled. The tenperature uniformty
across the waf erCoraparaiverdatsef sexeesl analogous precursors and the

bis(tertiarybutylamino)silane of the present invention is set forth below in Table 2.
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door. The reactants are flowed over wafers into the evacuated chanber. The
ammonia to silicon source is kept at a ratio in the range of 2:1- 10:1. A
continuous filmof silicon nitride is deposited upon the surface of a
sili.con wafer. These filnms are suitable fpr integrated circuit

manuf acture. A typical run was carried out in a 150 mm hot wall LPCVD
hori zontal tube reactor, although the apparatus configuration is not
critical. The process involves |oading the quartz reactor with 75 to 100
silicon wafers; evacuating the system letting the wafers cone to a
desired tenperature at which the deposition will be carried out. The
energy required for this reaction can be supplied by sinple resistive

heati ng. However, sinple, resistive heating is advantageous because the
equi pnent is |ess expensive, and one avoids radiative filmdanage often
associ ated wi t h Bhssigponrtkiadata, vapor pressure of thel preclirsbiForrdasy deivargt eri zed by
infrared spectroscopy and refractive index. FT-IR spectrumis consistent

wi th silicodegusitiohdste$, daordiapastid<iel tihd GepoBidtERims e ritire iofl Bepd¥itRinur Sor s
e.g. dichlorosilane + anmonia. There are noderate absorption bands in the

Si - H str et chjligth toefitiddRn dhtiod HidGatradtie uﬂfﬂfés@ve?é ﬁ%@a&rﬁé\‘iaﬁb%ﬁfbﬁr@ﬁwe

834cnferr]. Refractive indices for these filns Wwere neasured

1 AT kot 0 e S 20
15 had N-H bonds; bis(tertiarybutylamino)silane, di-t-butyldiaminosilane, and
tris(ethylamino)ethyl silane. Of these, the silicon nitride films having the lowest carbon
impurities in the deposited films were obtained using chemicais that did not have direct
Si-C bonds, namely; bis(tertiarybutylam'ino)silane and t-butylaminosilane dimer. The
most uniform depositions were obtained using chemicals tﬁat had t-butyl groups, .
namely; bis(tertiarybutylamino)silane and di-t—butyldiarﬁinosilane. In light of this criteria,
bis(tertiarybutylamino)silane is unexpectedly a superior silicon nitride precursor.
The present invention has been described with regard to a preferred

embodimenf, however the full scope of the present invention should be ascertained ffom

the claims which follow.



Auger depth profile analysis. Silicon, carbon, nitrogen and oxygen content
for these filnms were determ ned. The conposition meﬁr}fl—%s
43% silicon and 57% nitrogen. The conposition of these filns was U

t hrqughout the depth of the filns. O<yq and car boB ﬂm}"m)]m”ﬂi’l

detection limts (< 2 atomic % of the a ger spectr
Conpar ative data of several anal ogous precursors and th

bi s(tertiarybutyl am no)silane of the present invention | s set forth bel ow
in Table 2. 16 [err]

17 Based upon this data, CLAIMB pressure of the precursors for
easy delivery, deposition rates, carbon inpurities in the deposited fil s,

tenperature of déposi Aippecess foritheclow gressurd clumgwicalivapaoraiepasitiort of silioohinteide
i ndices were used as criteria to conpare the different precursors. The

hi ghest depeg iatsubstrat@ using ehinforiard & efhnesdf e fohrauwacal s t hat
(t-CoHoNH),SiH,.

2. The process of Claim 1 wherein the temperature of the substrate is in the

range of approximately 500 to 800°C.

3. The process of Claim 1 wherein the pressure is in the range of

approximately 20 mTorr to 2 Torr.

4. The process of Claim 1 wherein the molar ratio of ammonia to silane is

greater than approximately 2:1.

5. The process of Claim 1 wherein the substrate is silicon.

6. The process of Claim 1 wherein the substrate is an electronic device.-
7. The process of Claim 1 wherein the substrate is a flat panel display.
8. A low temperature chemical vapor deposition of silicon nitridein a

reaction zone, comprising th.e steps of:
a) heating a substrate to a temperature in the range of approximately 500-800°C
- in said zone; | | |
b) maintaining the substrate in a vacuum at a pressure in the range of
approximately 20mTorr-2Torr in said zone;
¢) introducing into said zone ammonia and a silane of the formula:

(t-C,HNH),SiH,; and



had N-H bonds; bis(tertiarybutylam no)silane, di-t-butyldiam nosilane, and
tris(ethylam no)ethyl silane. O these, the silicon nitride filnms having
the | owest carbon inpurities in the deposited filns were obtai ned using
chenjcals that did not have direct Si -Clgonds nanel y;

bi s(tertiarybutylam no)silane and t-butylam nosilan

uni f orm deposi ti ons were obtained using chem cal s that had t-butyl groups,
nanely; bis(tertiarybutylam no)silane and di-t-but I m“u“m I n |ight
of this criteria, bis(tertiarybutylam no)silane .ﬂm‘l superi or
silicon nitride precursor. The present invefitibn ‘has been descri bed
wth regard to a preferred enbodi nent, however the full scope of the
present. i nventi on shoul d be ascertained from the clainms which foll ow.

18

for the | ow pr es 8l Tainigning %“Oﬂ%’?s ﬂfe%&mf‘?}b%%d\ésw Foc?ﬁ‘l‘sﬁiat]m‘?‘c?é Sﬁi\ﬁﬁ{ gcess
substrate usjn stllane of the formula: .
(t-Cerr]H Bﬁlr}‘%\ipi)qgo?sf'f@a‘ﬂfee‘f"ﬁ 2. The process of aiml

wherein the tenperature of the substrate is in the range of approximately
500 to 800[err]C 3. The process of Claim1l wherein the
pressure is in the range of approximately 20 mforr to 2 Torr.




4. The process of Cdaim1 wherein the nolar ratio of ammonia to silane

is greater than approximately 2: 1.« i, 5. The process of Cdaiml
wherein the substrate is silicon. 6. The process of Cdaim1l
wherein the substrate is an el ectronic dgxice. 7. The process
of Claim1l wherein the substrate is a flat panel display. 8. A

| ow t enperature chem cal vapor deposition of silicon nitride in a reaction
zone, conprising the steps of:- a) heating a substrate to a

tenperature in the range of approximtely 500-800[err]C in said zone;
b) maintaining the substrate in a vacuum at a pressure in the range of
approxi mately 20mrorr-2Torr in said zone; c) introducing into said
zone ammoni a and a silane of the formula:
(t-Cerr]Herr]NH[err]Si H errlL.
19 d) maintai ni ﬁ?sﬁﬁ@%&%iTHEoR‘?C&OS&JR‘? hrough c) sufficient
to cause a filmof silicon nitride to deposit on the substrate.

SILICON NITRIDE FROM BIS(TERTIARYBUTYLAMINO)SILANE

A process for the low pressure chemical vapor deposition of silicon nitride from
ammonia and a silane of the formula: (t-C,HgNH).SiH; provides improved properties of

the resulting film for use in the semiconductor industry.



