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(57) Abstract

A titanium nitride film is annealed at a temperature less than 500 °C by subjecting said titanium nitride fiim to an RF created
plasma generated from a nitrogen-containing gas in a rotating susceptor reactor. The formed film is comparable to a thin film annealed at
significantly higher temperatures, making this process useful for integrated circuits containing aluminum elements,




PROCESS FOR PLASMA ENHANCED ANNEAL OF TI TANI UM NI TRI DE _
Background of the Invention In the formation of integrated
c«rcwts thin filnms containing netal elenents are often deposited on the
surface of a substrate. These thin filns. provide conducting and ohm c
contacts in thevepesssid s and bet J\EHIS SPETVHAS(BE’Eg evices of BRTIURILGFH ed
circuit. For exanple, a desired fhin fygpim [ght applied to the exposed
surface of a contact or a via on fer with the film

passing through the insulative |layers on the wafer to provide plugs of
conductive material forthe purpose of making interconnections across

PROCESS FOR PLASMA ENHANCED ANNEAL OF
TITANIUM NITRIDE

d of in

in the formation of integrated circuits, thin films containing
metal elements are often deposited on the surféce of a substrate.
These thin films provide conducting and chmic cont;cts in the circuits
and between the various devices of an integrated circuit. For
exampie, a desired thin film might be applied to the exposed surface
of a contact or a via on a semiconductor wafer with the fiim passing
through the insulative layers on the wafer to provide plugs of
conductive material for the purpose of making interconnections across
the insulating layers. There are a number of different conductors and
insulators which are chosen for various purposes in an intégrated '
d circuit. These may include titanium, titanium nitride, titanium

tungsten alloys, tungsten, aluminum, silicon dioxide, as well as many

others.
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the insulating |ayers. There are a nunber of different conductors and
I nsutators which are chosen for varlous purposes in an integrated circuit.

These may include titanium tita um tungsten all oys,
tungsten, alum num silicon di OXI SHISSHEET HASSBERM ot her s.
- 2- WO 9639548 7 REPLACED PCT/US96/07816
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Titanium nitride is used in a variety of applications for

integrated circuit fabrication. It is used as an adhesion layer for
tungsten films, as a total interconnect and as a diffusion barrier. As
an adhesiaon layer, titanium nitride offers advantages and applications
where blanket tungsten is used for contact hole and via fillin_g. The
process is normally sxaﬁed by depositing a thin layer of a material
that acts to improve adhesion between the tungsten and the
underilying dielectric. Since tungsten adheres poorly to dielectric
materials, a material musf be used which adheres weil to the
dielectric and then adheres well to the tungstan. There are several
materials that are suitable, but titanium nitride has several
advantageous praperties such as very low resistivity and a resistance
to the chemistries uséd to etch tungsten, as well as exhibiting good-
adhesion to bath dielectric and tungsten films.

As a barrier layer, titanium nitride also offers advantages
as it serves as an impermeabie barrier to silicon.' it aiso has an
activation energy higher than other materials. For exampie, the
activation energy for copper diffusion into titanium nitride is reported
to be 4.3 eV, while the activation energy from copper into most
metais is on the order of 1-2 eV. There are several different methods
typically used to form a layer of titanium nitride. These can inciude
avaporation of titanium in a nitrogen atmosphere, reactive sputtering
of titanium in a nitrogen/argon mixture, spuneﬁné titanium nitride

from a target in an argon atmosphere, depositing titanium and then



Titaniumnitride is used in a variety of applications for integrated

Ci rcwt fabrication. It is used as an adhesion layer for tungsten filns,

as a total interconnect and as a diffusion barrier. As an adhesion |ayer,

titaniumnitride offers advant ages _,_Fl 2P eat-—ens—her e bl anket tungsten
I

is used for conyedksémse and via fil F‘S RE HASIBERMSE i s nor ed
rial RERACERCt s tp m@%ﬁm

by depositing a thin layer of a mat

bet ween the tungsten and the under[§Jihg di el ectric. |nce Y ﬂst n ad er
poorly to dielectric materials, a material must be used Whl

to the dielectric and then adheres well to the tungsten.

materials that are suitable, but titanium gltl’l de has severa

properties such as very low resistivity and a resistance
. canverting it to titanium nitride in a subsequent nitridation step, or

thermal chemical vapor deposition reactions employing titanium
tetrachioride and ammonia.

There are many unigque concerns with each of these
different methods, particularly exposure to high temperatures
normally related to traditional thermal chemicsal vapor deposition
processes. At the deviée level of an integrated circuit, there are
shallow diffusions of semi-conductor dopants which form the
junctions of the eiectrical devices within the integrated circuits. The
dopants are initiaily defused using heat during the diffusion step. The
dopants will continue to diffuse when the integrated circuit is
subjected to high temperatures during chemical vapor deposition.
Temperature fimitations may become even more severe if thermal
chemical vapor deposition is performed after metal interconnection or
wiring has been appiied 1o the inner integrated circuit. For exampie,
many integrated circuits utilize aluminum as an interconnection metal.
However, various undasirable voids and extrusions occur in aluminum
when it is subjected to high temperatures. Therefore, once
interconnecting aluminum has been deposited onto an integrated
circuit, the maximum temperature to which it can be exposed is
approximately 500° C and the preferred upper temperature limit is
400° C.

Two pending applications, Serial Nos. 08/253,366 and
08/263,393, both entitied "Method and Apparatus for Producing Thin



to the chem stries used to etch tungsten, as well as exhibiting good
adhesion to both dielectric and tungsten fil ns. As a barrier
| ayer, titaniumnitride also offers gdyamt STaSnil. perves as an

i nper neabl e barrier to silicon. It al m;@égh H%&Eé}\!a i on energy higher
than ot her nat ¢yd sddwsegOr exanple, the acRERIANGESN enet gy f or p&PRBGI07816
diffusion into titaniumnitride is réported to be 4.3 eV, while the
activation energy fromcopper into nost netals is on the order of 1-2 eV.
There are several different nethods typically used to forma |ayer of
titaniumnitride. These can include evapor“éﬁ lon of titaniumin a nitrogen
at mospher e, eact igfnd Dl bl Orerherablrn! Mikin. Eniirde 0 EHARIS VA" ©
sputtering titaniumnitrrde froma target 1Th an argon atnosphere,
depositing titani ng

pa:;'gtiéﬁ ?Psing a Rotating Susceptor Reactor” and both filed June
3. 1994, describe methods and apparatuses for producing thin films
by low temperature plasma enhanced chemicai vapor deposition using
a rotating susceptor reactar suitable to apph} by chemical vapor
deposition techniques 3 thin layer of titanium nitride. Titanium nitride,

however, frequently needs further post-treatment in order to be

suitable for further use.

Summary of the invention

It is the goal of the present invention to provide a low-
temperature process which is compatible with aluminum aiready
present on a watfer 10 establish a high-quality titanium nitride film
cormnparable in propertias 10 titanium nitride films deposited at very
high temperatures. it is further an object of the present invention to
provide a chemical vapor depo;ition process which provides for the
annesaling of titanium nitride films at temperatures below 500° C. |

in accordance with the present invention, a titanium
nitride fiim is annealed with a plasma created from a nitrogen-
containing gas in a rotating susceptor reactor at a temperature iess
than 500° C. More particularly, the present inveniian provides a
method of annealing titanium nitride films with an RF generated
plasma formed from a nitrogen-containing gas such as ammonia at

temperatures significantly less than 500° C. This method provides for
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AMENDED SHEET , -3- converting
it to titaniumnitride in a subsequent nitridation step, or thernmnal
chemi cal vapor deposition reactions enploying titanium tetrachloride and

arri'*rpni a. There are man | ki Wi th each of these
WO 96/39548 ' REPLACED PCT/US96/07816
-5-

a film having relatively low resistivity and relative_ly iow chiorine

. content compared to films annealed at higher temperatures.
The objects and advantages of the present invention will
be further appreciated in light of the following detailed description and

drawing in which:

Brief Description of the Drawings

The Figure is a diagrammatic, cross-sectional view of 8

reactor for use in the present invention.

Detailed Descripti
The present invention can be used on a variety of

different substrates having a deposited titanium nitride film. The
titanium nitride film can be deposited by any of a variety of different
techniques and methods inciuding evaporation of titanium in a
nitrogen ambient, reactive sputtering of titanium in 8 nitrogen argon
atmosphere, sputtering titanium nitride from a target, or by thermal
chemical vapor deposition reactions erﬁpioying titanium tetrachioride
and ammonia or nitrogen. Preferred methods of forming the titanium
nitride film are disclosed more particularly in two other applications,
both entitied, "Method and Apparatus for Producing Thin Films By
Low Temperature Plasma-Enhanced Chemicat Vapor Deposition Using
. a Rotating Susceptor Reactor,” Serial Nos. 08/253,366 and
08/253,393, both filed June 3, 1994, incorporated herein by

e

reference.
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different nethods, particularly exposure to high tenperatures nornmally
related to traditional thermal chem cal vapor deposition processes. At
the device level of an integrated circuit, there are shallow. diffusions
of 'semi-conductor dopants which farmthe . junctiaons of the electrical
devices within mgggﬁgrat ed cirPUHIS SHIEE HAGRREN are initi géhp 9%@9

usi ng heat during t ffusion st ep. TR@LAQEDant s wmll contin % use
when the integrated circuit is stbjected—to—hi-gh—tenperatures during
chenirhieBhe mﬁ@Beed ged i on. Tenperature limtations nmay becone even nore

sever hem cal vapor deposition is performed after netal
I nt er vm ring has been appli ed®o the inner int egr at ed

ci 1 g;ﬂcg | Foriexample, imany hR'geiabfik Shititie' for'blabinaCerhaEdY Bhatddl
vapor depaosition is showﬁ in the Figure. The Figure shows an RF
showerhead/electrode configuration which can be utilized to practice
the present invention. The chemical vapor deposition (CVD)
apparatus 20 includes an RF showerhead/electrode 22 biased b\'r an
RF feediine assembiy 24. Plasma and éactant gases are pumped .
through a t_:viinder assembly 26 te a substrate 28 on susceptor 30.
Apparatus 20 inciudes a housieg having a housing cover 32 and
includes en RF supply assembly 34, a heat pipe assembly 36 with
caoling jacket 37 and associated fluid supply lines and a gas
distributor cover 38 with a sealing assembly 41. A cylinder 38 made
of an insulating marterial such.as quartz surrounds -the RF feed line
assembly 24.

Cylinder 38 is preferably formuiated out of a high quality
quartz such as Quartz TO8-E available from Hereaus Amersil. Quarez
cylinder 38 is supported by a showerhead/eiectrode 22, made of a
conductive metal such as Nickel-200. An annular bore 40 is formed
within housing cover 32 to receive an upper end 42 of cylinder 38.
O-rings 43, 44 at the interface between stepped bore 40 and cylinder
38 form a seal at the interface. At the lower end 46 of cylinder 38,
an annuiar notch 48 in cylinder 38 receives a peripherai edge 50 of
the showerhead/electrode 22. The notch 48 of cylinder 38 rests
upon the peripheral edge 50 of showerhaad/electrode 22.

Showsrhead/slectroda 22 includes a stem 52 attached to RF line



However, various undesirable voids and extrusions occur in alumnum when
It IS subjected to high tenperatures. Therefore, once interconnecting
al-um num has been deposited onto an integrated circuit, the maximum

tenperature to which it can be exp . tely 500[ err] C and the
FHISABHEEY HAG. BEEN

preferred uppe{XB%gS% rature limt Two pepé-r,nggsmsm
appl i cati ons, $33866 and WO A- 95/REFBATEDbot h

ntitled "Method and
Apparatus for Producing Thin Filns ure Pl asma- Enhanced

Cheni cal Vapor Deposition Using a Rotating Susceptor Reactor" and both
.7-

tubing 54, such as by a weld at 55, to form a unitary RF line §6. RF

. line 56_ is frictionaily held and supported at its top end by coliar 58.
The RF line, in turn, supports showsrhead/electrode 22 abave
susceptor 30. Showerhead/elactrode 22, in turn, supports the
cylinder 38 within the cylinder assembly 26 by abutting against
cylinder 38 at notch 48 and. holding :t in bore 40. The interface
between showerhead/electrode peripheral edge 50 and cylinder notch
48 is sealed by a compressed O-ring 58 which is compressed
between sheif 48 and a similar corresponding annuiar notwch 60
formed in peripheral edgé 50 of the shbwerheadlelectrode 22. A
plurality of gas halos or rings 62, 64 introduce reactant gases into |
eylinder 38.

Generally, the substrate 2B is spaced from about 0.25
to 4 inchas from the showerhead/electrode 22. Tht_; distance shouid
be such that active ions strike the substrate.

in general, reaction gases ara introduced through rings
62 and 64. These pass through cylinder 38 and a plasma is
generated as the gases pass through the showerhead/electrode 22.
The plasma will strike the substrate 28.

Titanium nitride can be thermaily deposited upon 3
substrate wafer with this apparatus or other well known apparatus at
approximately a tempefature_ of 450° C. For example, a layer of

titanium nitride can be deposited using TiCl, ammonia gas (NH,) and

This Sheet Has Been RTlaced




having a priority date of June 3, 1994, describe nethods and apparatuses
for producing thin filnms by | ow tenperature plasm enhanced chem cal vapor
deposition using a rotating susceptor reactor suitable to apply by chem cal
vapor deposition techniques a thin |ayer of. tltanLunmnp ride. Titanium

nitride, hovvev J 9g‘gyently needs fun - i t 1 n pteosedorstee
suitable for fur?%er use. Sol i @- onlci, vol. 33, No. 11,

pages 1387 to 1391, Japanese Published n JP-Q0A-2,3 10, 918
and Japanese Published Patent Application JP- A— 63 229 814 di scl ose sputter
deposition of titaniumnitride foll owed by Lg eat ment with a plasnma.

Eur opean Published Patent Application EP-A-0,711,846 (published after the
prioity date of thgueh ngﬁft@:a?gﬂﬂ'?ﬁéié)ﬁﬂe GHhieF | GoRin FREAbAES land Wipdmerers

deposition of titaniu romtitaniumtetra-alkyl foIIovved by pl asna

treat nent. Sunmmay, Vv It is the goal of the
present invention 1f '§FB§%‘§“5H“ terrperature process which is

conpatible with alum num alr y rresent. .on li_s i
high-qual ity titaniumnitri (e 'Fﬁo'“"‘ Mrridld. T < 'subflctSt ¥ &°isima

enhanced anneal by creating a plésma from a nitrogen-containing gas

such as nitrogen or ammonia, preferably using radio frequency
energy, using an apparatus such as thaf shown in the Figure. In order
to conduct the plasma-enhanced anneal, the susceptor temperature
shouid be in the range from about 400° C to about 500° C with the
reactor pressure maintained at from about 6.5 to about 10 torr,
preferably 5 torr. The nitrogen-containing gas can either be ammon@
or nitrogen with ammonia being preferred. The flow rate can vary
relatively widely. Generally, the flow rate will be \_‘rom about 1,000
to about 10,000 scem, with about 5,000 being préferted. It is
preferred to rotate susceptor 30 to improve uniformity of the piasma
over the titanium nitride film. 100 rpm s gdequate aithough a higher
rotation rate may be empioyed.

The RF electrode power must be sufficient to establish
a plasma, but does not have to be significantly higher. Accordingly,
the RF power can range from at least about 100 W, with the upper
limit generally being the power at which the semiconductor is-
destroyed. The invention works well at frequencies ranging from 450

KHz or less up to well in excess of 26 MHz.
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\\Illl\l M




conparable in properties to titaniumnitride filnms deposited at very high
tenperatures. It is further an object of the present invention to provide
a cthem cal vapor deposition procesg—# h_provides for the annealing of
“titaniumnitride filns at terrperatquﬂSWEquig)@ 7] C. |

accor dance wtmbg?z%‘fsent I nventji on, ngM@y unr i tride filggy W%"' ed
wth a plasma create roma nitrogeé -ning ¢gas in a rotating
susceptor reactor at a tenperature |ess than 500[err]C More particularly,
the present invention provides a nethod of,annealing titanium nitride
films with an RF generated plasna forned Fom a ni t rogen-contai ni ng gas

such as ammoni a at t enper iy s W hifhbbd hPESobAGE G hE'dH 5 1 S

nmet hod provi des for

. about 300 seconds or more with about 60 seconds generally being
considered adequate.

in on:der to test the quality of the present invention, a

titanium nitride film was deposited by thermai chemical vapor

deposition using titanium tetrachloride ammonia and nitrogen as the

reacting gases. The reaction conditions are given in Table 1.

TaBte No. 7
TICL, (scem) . 10
NH4 (scem) 100
N, (sccm) 5000
REACTION CHAMBER PRESSURE {TORR) 20
SUSCEPTOR ROTATION RATE (RPM) 100
SUBSTRATE TEMP. (°C) 450

This was then annealed with a plasma anneal. The
ammonia flow rate was 5,000 .sccm, RF power setting 750 watts at
450 KHz, pressure 5 torr, and rotation rate 100 rpm for 120 seconds.
The susceptor temperature was maintained at 467° C, prqviding a
wafer temperature of 450° C, which produced a film having a
resistivity of 363 micro ochm-centimeters and a chiorine content of
4.5 %. A similar film thermally anneaied under the conditions set

forth in Table 2 produced a film having a resistivity of over 1,000

) micro-ohm centimeters and a chiorine content of_5.0 %.
, TaBLE No. 2
NH, (sccm) : 5000
REAcnoN CHAMBER PRESSURE {TORR) 20
SuSCEPTOR ROTATION RATE (RPM) 100
SuBSTRATE TempP. (°C) . 450
(NO PLASMA) .

is Sheet Has Been Replaced
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a filmhaving relatively lowresistivity and relatively |Iow chlorine

content conpared to films anneal ed at hi gher tenperatures. The
obj ects and advantages of the present invention will be further _ _
appreciated in light of the follow i -EE 6l 2 tion and drawing in
whi ch: Brief Wé‘s}géﬁd on of the Dr; vm%%??&'&éé&’%” PCT/US96/07816

~10-

The resistivity of films anneaied in this manner generaily exceed 1000
40-cm with chiorine contents of at least 5.0%.

Thus, by empioying the present invention, an improved
film is formed which has a resistivity lower than thermally annealed
films and a chlorine content less than thermalily anneaied films. At

.the same time, the temperature is maintained at less than 500° C
which makes this suitable for integrated circuits having aluminum
layers, improving the ability of the chemical vapor deposited titanium
nitride fiims to be empioyed in integrated circuits. This significantly
improves the overall utility of chemical vapor deposited titanium

' nitride films.

This invention has been described including the preferred
method of piacticing the invention currently known. However, the
invention should oniv be defined by the appended claims wherein we

claim:

- 'This Sheet Has Been Replaced
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The Figure is a diagranmmatic, cross-sectional view of a

the present invention. Detail ed Description [ﬁﬂm l@l“ﬂm“m
i nvention can be used an a variety of _different substrate

deposited titaniumnitride film TheTHIS SHEET HAS BEENgni um nitride filmis

deposi ted by t@ﬁ%&%ﬁ‘ cheni cal | vaporRepeRgEpt i ON fr eact i onpcerusdemysieg
e

titaniumtetr and anmoni a' erred net hods of

forming the titanium nitride filmare di scl osed mor e partlcul arly in two
ot her applications,

-11-

1. A method of annealing a titanium nitride film comprising
contacting a titanium nitride film with a piasma fofmed from a gas
selected from the group consisting of ammonia and nitrogen at 8

temperature less than about 500° C.

2. “The method claimed in claim 1 wherein said plasma is

created by subjecting said gas to RF energy.

3. The method claimed in claim 2 wherein said RF energy

greater than about 100 W.

4. The method claimed in claim 1 wherein said piasma

anneal is continued for about 15 to about 300 seconds.

8. The method claimed in ciaim 1 wherein said titanium

nitride film is rotated at a rate from about O to about 1,000 rpm.

6. The method claimed in ciaim 1 wherein said temperature

is from about 400° C to about 500° C.

™

. 7. The method claimed in claim 1 wherein said anneaiing is

conducted at a pressure of from about 1 to about 10 torr.

Sheet Has Been Replaced
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both entitled, "Method and Apparatus for Producing Thin Fi By Low
Tenperature Pl asna- Enhancad Chenical Vapor Deposition Usi ng“nﬂu%ﬁﬂ“’wm“!" |“l
Susceptor Reactor,"” WO A-95/33866 and - 33867, both havil a4l .
date of June 3, 1994, incorporated hef EHiS byrie :

An appar at us SWwbaghdeg Or pl asma enhanced gqlgpm PCT/US96/07816
-12-
8. ' A method of annealing a titanium nitride film comprising

contacting a rotating titanium nitride film with an ammonia plasma
formed by contacting a flowing stream of ammonia with an RF
electrode at a wattage of at least about 100 W, wherein said film is
heated to a temperature of 400° C to about 500° C at a pressure

from about 1 to about 10 torr.
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vapor deposition is shown in the Figure. The Figure shows an RF
shower head/ el ectrode configuration W T car—be—wtilized to practice the
present invention. The chem cal va H’Sﬁgﬁgﬁfﬁ%rﬁﬂﬁ D) apparatus 20

i ncl udes an RF shower head/ el ectrodel 22 bf&@bﬂCEy an |RF feedline assenbly
24. Plasma and yiga@iossst gases are punped throughm—a—dyli nder BSEHEMHS196" ¢ o
a substrate 28 on susceptor 30. Apparatu fo I ncl udes a housing having a
housi ng cover 32 and includes an RF suﬂp?y assenbly 34, a heat pipe
assenbly 36 with, cooling jacket 37 and associated fluid supply Iines and
a gas distributor cover 39 with a sealing assenbly 41. A cylinder 38 nade
of an insulating material such as quartz surrounds the RF feed |ine
assenbly 24.
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C,yllnder 38 is preferably formlated out of a high quallty

QJartz TOB-E avail able from Hereaus Amersil. Quartz; cylj ndg(’ 3§71s™"

supported by a shower head/ el ectrode 22, made of &
200. An annul ar bore 40 is formed. within housi ng covér 32°td
Orings 43, 44 at the interface

Ni-ckel -
recei ve an upper end 42 of cylinder 38.
bet ween stepped bore 40 and cylinder 38 forma seal at the interface.
the l.ower end 46 of cylinder 38, an annul-ar notch 48 in cylinder 38

gonduct] ve: r'rEt atl ~su_c

h

)
?

At

quart z such as

Ay TN

-: R
as;
A d *

recei ves a peripheral edge 50 of the showerhead/el ectrode 22. The notch 48

Shower head/ el ectrode 22 includes a stem 52 attached to RF line

Y
4'2

others.

-1-

PROGESS FOR PLASMA ENHANCED ANNEAL OF
TITANIUM NITRIDE

Background of the Invention

In the fcrmatiq'n qf integrated circuits, thin films containing
metal elements are often deposited on the surface of a substrate.
These thin films provide conducting and ohmic cantacts in the circuits |
and b_etween_ the various dévice_s af an integrated .circuit.. For
example, a desired thin film might be applied to the exposead surface
of a contactoraviaona semiconductor wafer with the film passing
through the insulative l'ayefs on the wafer to provide plugs lofl
conductive materiai forihe purﬁose of making interconnections acrass
the insulating layers. There are a number of differen't conddctors and
insu_latqrs which are chosen for various purposes in an integrated
circuit.  These 'may inctudé titanium, titanium nitride, titanium

tungsten alloys, tungsten, aluminum, silican dioxide, as weil as maﬁy

AMENDED SHEET

of cylinder 38 rests wupon the peripheral edge 50 of showerhead/ el ectrode
22. :

k]
L]



‘-7- tubing 54, such as by a weld at 55, to forma unltary..RF li,pe.,.2b. RF 2021
I-ine 56 is frictionally held and supported at its-top ehd: by cal lar, .58. + s
The RF line, in turn, supports shower head/ el ect rode 22 above® s'ust:e:ptor :}0'
‘Shower head/ el ectrodeé™22. in turn, supports the cylinder 38 within the
cylinder assenbly 26 by abutting against cylinder 38 at notch 48 and
‘holding it in bore 40. The interface '

)
2-

Titanium nitride is uéed in a variety of applications for
integrated circuit fahrication. It is 'usec.t as an adhesion layer for
tunésten films, as a total intercannect and as a diffusion barrier. As
an adhesion layer, titanium nitﬁde offers advantages and applications |
where blanket tuhgsten is used for contact hole and via filling. The
process is normally started by depositing a thin layer of a material
that acts to improve adhesion between the tungsten arid_ the
und.er.iying die!eétric. Since tungsten adheres poorily 10 die!ectric.
materials, a material must be used which adheres well to the
dielectric and then adheres wg!l to the tungsten. There are sevéral
‘materials that are suitable, but titanium nitridé has seaveral |
advantageous praperties such as very low resistivity and a resistance |
to the chemi;;rie's used ta etcﬁ tungsten, as weill as exhibiting good
adhesion 10 bbth dielectric and tungsten films.

As a barrier 1ayer, titanium nitride also offers adv_ahta_ges
as it sérves as an impermeabie barrier to silicon. It also has an
activation energy higher than other materials. For example, the
activation enérgy for copper diffusion into titanium ﬁi:ride is reported
to be 4.3 eV, while the activ'a.ticn energy from coppér inta mast
metéls is on the order of 1-2 eV. There ére éeveral' different methods
typicaily used to form _é layer df titaniurﬁ nitride. These can includg
evapaoration of titanium_ in a nitrogen atmosphere, reactive sputtering

- of titanium in 3 nitrogen/argop mixture, spunérin§ titanium nitridé
from a target in an argon atmosphere, depositing titanium and then .
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'bet ween shower head/ el ect r ode peripheral edge 50 and cylindgr..not.ch,..48 is ,...
seat-ed ‘by a conpressed Oring 58 which is conpressed between she f » 48-and -
a sim lar correspondi ng annular notch 60 forned in perlphenal'edge 50 QI'-
‘the shower head/ el ecttode 22. A plurality of gas halos or rings 62, 64
introduce reactant gases into cylinder 38. Ceneral ly, ‘the

substrate 28 is spaced from about 6.35 x 10[err](0.25 inches) to O. 102[err]
(4 inches) fromthe shomerhead/electrode 22. The di stance shoul d be such
that active ions strike the substrate. I n general , reaction
gases are introduced through rings 62 and 64. These pass through cylinder.
38 and a plasnma is generated as the gas§s pass through the
shower head/ el ectrode 22.

converting it t0 titanium nitride in a subsequent nitridation step, or
therrnal chemical vapor deposmon reactions employmg titanium
tetrachlonde and ammonia.

* There are many unique concerns with each of these
‘different methods, particularly exposure t0 high temperatures
normally related to traditidnal thermal che_micai vapor deposition
prgéesses. At the device level of an integrated circuit, there a_i___e
shallow diffusic;ns af semi,—ccnduétor dapants lwhie’:k_; farm the
junctions of the e!e_ctricas devices within the integratad c_irc‘:uitS. The
dopants are initially defused usin.g he'at during the diffusion step. The |
dopants win_ continue tb, diffuse when the integréted circuit is
subjected 1o high temperatures during chemical vapar depasition.
Temperature limitations may become even more se.vere if thermal
chemical vapor deposition is perfdrmed after meztal interconnection or
.v'viring ha#_ been applied ta the inner __ir_n:e_grated circuit. .For example,
Enani/ integrated circuits utilize aluminum as an intercaﬁnecﬁon metal.
Howgver, various undesirable voids and ex‘tri_xsions occur in aluminum
when it is s_ub]ecred to high temperatures. ‘I,'hérefcre, once
interconnecting aluminum has been deposited orit,o an integrated
circuit, the maximum _temperature to.which_ _it' can be exposed is

approximately 500° C and the. pre.fe.rred upper temperature firnit is

40Q0° C. ' '

Two pending applications, WO—A—95/ 33866and WO0-A-95/33867, both entitled
"Method and Apparatus for Produc_;mg Thin Films by Low Temperature Plasma-
Enhanced Chemical Vapor Deposition Using a Rotating Susceptor Reacj.tox'" apd both
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v The plasma will strike the substrate 28. : Tl,t;am upr nitei de-can:
be thermally deposited upon a substrate wafer Wi ‘th this: a‘pparatUs. or ethel’
wel I known apparatus at approximtely a tenperat ure of--450'C."-For exam'ﬂ e,

‘a layer of titanium nltrlde can be deposited using T|C1[err] anmoni a gas
(NH err]) and _ - Y

hé.ving a priority date of June 3, 1994, describe methods .ana -apparatuses for
producing thin films by low temperature plasma enhanced chemical vapor deposition
using a rotating susceptor reactor suitable to apply by chemical vapor deposition
techniques 2 thin layer of titanium nitride. Titanium nitride, however, frequently
needs further post-treatment in order to be suitable for further use.

Solid-State Electronics, vol. 33, No. 11, pages 1387 to 1391, Japanese
Pubhshéd Patent Apphcanon IP—OA—2 310, 918 and Japanese Published Patent
Application JP-A-63,229, 814 dlSClOSC sputter deposition of titanium nitride followed

by treatment with a plasma.
European Published Patent Apphcatxon EP-A-0,711,846 (published after the

pnonty date of the present application) discloses chem1ca1 vapor deposition of

' titanium nitride from titanium tetra-alkyl followed by plasma treatment. -

§g. mmary of the Invention

It is the goal of the present invention ta provide a law-
temperature process whic_h is compatible with aluminum already
present on a wafer 10 esta_blish- a high-quality titanium nitride film
comparable in probeniés to titanium nitride ﬁlms deposited at very
high tempaeratures. It is further an abject of the present ihvenﬁon 10
provide é chemica!l vapar d.epositic.h pracess which provides for the
annealing of titanium nitride films at temperatures below 500° C.

In accordance with the present invention, a ﬁtaﬁium
nitride film _is annealed with a plasma created from a nitragen-
containing gas in a rotating susceaptar reactor at a temperatur’e less |
than 500° C. Mare particularly, the present invention provides a
mgfhod of annealing titanium nitride films with an RF generated"
plasma formed from a nitrogen-containing .gas-' such as ammania at
temperatures significantly less than 500° C. This methad provides for
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itrogen gas (N err]). There are other known net hods and paf-anet-ef &=y f Ohs ..
depositing a TiN film The titaniumnitride ft#m1|s subjeoggﬂ :
to a plasma- enhanced anneal by creating a plasma froma' ..’ e
hi trogen-cont ai ning gas such as nitrogen or anmoni a, preferably u3|ng
~radi o frequency energy, using an apparatus such as that shown in the
Figure. In order to conduct the plasna-enhanced anneal, the susceptor
tenperature should be in the range from about 400[err] C to about |
. 500[err]Cwith the reactor pressure maintained at fromabout 67 Pa (0.5
Torr) to about 1330 pa (10 Torr), prefer ny 665 Pa (5 Torr). The
ni trogen-contai ni ng gas can either be anibni a or nitrogen W t h ‘anmoni a
being preferred, Jhe flow1r an var rel ati rally, the
fronrate vl B b REof fatvgfioio d‘gi'BB"{Wlﬁ'\{%d%’égb"e?X ot AP0 5, 000
being preferred. It Is

cantent campared to f\lms annealed at higher temperatures.

-
-

The objects and advantages of the present invention will
be further appreciated in light of the following detailed description and
drawing in which:

Brief Descrintion of the Orawings
The Figure is a diagrammatic, cross-sectional view of a

reactor for use in the present invention.
Detailed Descripti a
The prasent invention can be used on a variety of

different: substrates having a deposited titanium nitride film. The

titanium nitride film is deposited by thermal

Sy "

chemical—vapor deposition réamions emplaying titanium tetrachloride
and ammonia or nitrogen. Preferred methads of formiri’g the titanium
nitride film are disclosed mare particularly in two orﬁer applicatidns.
both entitled, "Methog an’d. Apparatus for Producing Thin Fiims By

Low Temperature P!asma-Enhénced Chemicat Vanor Deposition Using

a Rotating Susceptor Reactor,” WO-A-95/33866 and WO-A-33867, both having a

priority date of June 3, 1994, incorporated herein by reference.

. AMENDED SHEs



‘oreferred to-rotate suscepfor 30 to-inprove uniformty of the plasng,

ovalerr]Je titaniumnitride film 100 rpmis
rot ation rate may be enpl oyed. _

Sufficient to establT 'sh a plasm, but does
hi gher. Accordi ngly. the RF power can range fromat |east about 100 W

with the upper

is destroyed. The invention works well
KHz or less up to well in excess of 26 Miz.

. ay s

adequat e al though, ashl\ghér
The RF el ectrode. pb\mar’ fust. Je 4
not have to be significantly

Al
A

-
-~

limt generally being the power at which the sem conductor

-6

An apparatus suitable for piasma enhanced chemical

at frequencies ranging from 450

vapor depaosition is shown in the Figure. The Figure shows an RF |

showerhead/electrode configuration which can be utiliz.ed to practice
the present invention. The chemical vépor depdsition (CVD)
apparatus 20 includes an AF showerhead/electrode 22 biased by an
RF feedline assembly 24. Plasma and reactant gases are pumped
rhrough a cylinder assembly 26 to a substrate 28 on susceptor 30

Apparatus 20 includes a housmg havmg a housmg cover 32 and

inciudes an RF supply assembly 34, a heat pipe assembly 36 with.

cooling jacket 37 and assaociated fluid supply fines and a gas

distributor cover 33 with a sealing assembly 41. A cylinder 38 made

“of an insulating material such as quartz surrounds the RF feed line

assembly 24.
Cylinder 38 is preferably formuiated out of a high quality
quartz such as Quartz TO8-E avaiiabie from Hefeaus Amersil. Quartz

cylinder 38 is supported by _a.showerhead/electrode 22, made of a

conductive metal such as Nickel-200. An annular bore 40 is formed '

within housing cover 32 to receive an upper end 42 of cylinder 38.

Q-rings 43, 44 at the inteif_ace between sréppeq bore 40 and cylinder '

38 form a seal at the interface. At the lower end 46 of cylinder 38,

an annular notch 48 in cylinder 38 receives a peripheral edge 50 _df

the showerhead/electrode 22. The notch 48 of cylinder 38 rests

_upon the_' peripheral edge 50 of showerhead/electrode 22.

Showerhead/slectroda 22 includes a stam 52 attached to AF line
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)-9- The anneal is contlnued for a period of tipe -of 1540 : a0
about 300 seconds or nore with about 60 seconds generally: belng cqn51dereq=
adequat e. In order to test the quality of the pré&sens’ 3 2t 3
‘invention, a titaniumnitride filmwas deposited by thermal cheni cal vapor
deposition usi-ng titaniumtetrachl ori de ammonia and nitrogen as the

reacting gases. The reaction conditions are given in Table 1. TABLE No. 1

-7- _.

tubing 54, such as by a weld at 55, té form a unitary RF line 56. RF
line 86 is frictionally held and supported at its top end by collar 58.
Ti';e RF line, in turn, supports showerhead/electrade 22'aﬁove
suscepror 30. Showerhead_/electrdde 22, in turn, supports the
cylinder 38 within the cylinder assembly 26 by abutting against
cylinder 38 ét notéh 48 an_d.__holdihg it in bare 40.. The imerfacé
between showerhead/electrode peripheral edge 50 and cylinder ﬁotch '
48- is_-sealed by a cdmpressed Q-ring 88 whiéh .is compressedf
betWeen shelf 48 and a sir;tilar corrésponding annuiar notch 60
farmed in peripheral edge 50 of tﬁe shcwerhead/elect_rode 22. A
piurality of gas halos 6r rings 62, 64 introduce reactant géses inta

. eylinder 38.
Generally, the Substrate 28 is spaced from about 6.35 x 103, (0.25 inches) to

' 0.102m 4 ihches) from the showerhead/electrode 22. The distance should be such
- that active ions strike the substrate.

-- In generat, reaction ga§e§ afe introduced through rings
62 and 64. These 'p.ass through cytinder 38 and a' plasma is
_gener'ated as the gases pass through the showerhead/electrode 22,
The plasma will strike the substrate 28.
Titanium nitride can be thermally deposited upon a
substrate wafer with this apparatus or other well known apparatus at .

approximately a temperature of 450° C. For example, a layer of

titanium nitride can be deposited using TiCl, ammonia gas (NH,) and
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s ToCd [err] (SCCM 10 NH err] (SCCM : v w2223 1000 o

N[ err] ( SCCM 5000 . " REACTI O\I‘CHAI\BER,PRESSLRE
(Pa) - 2660 (20 Torr) SUSCEPTOR ROTATI ON RATE ( RPM) ™ w3
100 © SUBSTRATE TEMP. ([err]C) 450 "This was

then anneal ed with a plasma anneal. The anmonia flow rate was 5.000 sccm
RF power setting .750 watts at 450 KHz, pressue 665 Pa (5 Torr), .and
rotation rate 100 rpmfor 120 seconds. The susceptor tenperature was
mai ntai ned-at 467 C, providing a wafer tenperature of 450[err] C, which
produced a filmhaving a resistivity of 363 mcro ohmcentineters and a
chl orine content of 4.5%A simlar filmthermally anneal ed under the
conditions set forth in Table 2 produce@g-a filmhaving a-resistivity of
over 1,000 mcro-ohmcentineters and a chlorine content of 5.0%

nitragen gas (N,}. There are ather known methods and paramerters

fqr depasiting a TiN film.

The titanium nitride _fifm is subjected tc. a plasma-
gnhanf:ed anneal bs; creating a _plasma froma nitrbgen—é:on_taining gas
such as nitrogen ar ammonia, preferably using radio frequéncv
energy, qsing aﬁ apparatus such as tha-t shown in the Figure. In order
to-canduct the plasma-enhanc_e& anneal, the susceptor temperatura

should be in the range fram about 400° C ta about §5Q0° C with the = -

reactor pressure maintained at from about 67 Pa (0.5 Torr) to about 1330 Pa
- (10 Torr), preferably 665 Pa (5 Torr). The nitrogen-containing gas can either

be ammonia or nitrogen with ammonia being preferred. The flow rate can vary
relatively widely. Generally, the flow rate wiil be from about- 1,000
1@ about 10,000 sccm, with about 5,000 being preferred. It ls
preferred to ro;afé susceptar 30 .to‘ .improve uniformity of the piasma
ove e titanium nitride film. 10‘5 rﬁm is adequaté although a higher —
rotation r'a'_te.may be emplayed.

The RF electrode cher must be sufficient to establish
a plasma, but does not have to be significantly highe’r. Accordingly,
the RF power can range from at least about 100 W, wﬁh the upper |
limit generally being the | pbwér at .which the semiconductar i#
destroyed. The inventian warks welf at frequencies ranging fram 450

KHz or less up to well in excesé_of 26 MHz.
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[] .
TABLE NO. 2 NH err] (SCCM ' 5000

REACTI ON CHAMBER PRESSURE (Pa) | 2660 (20 Torr) - SUSCEPTCR PRl
ATION RATE (RPM 100 SUBSTRATE TEMP. ([erf]Q) ~: .; SRS .
450 (No PLASMR) AT T

The resistivity of filns anneal ed in this manner generally exceed 1000

9
The anneal is continued for a period. of time of 15 _fo
about 300 secands ar mare with about 60 seconds generally being
-eansidered adequate..
In ofder 10 test the quality of the pr'esent invention, a
titanium nirride film was: deposited by thermal chemical vapor
L deposition using titanium tetrachloride ammonia and nitrogen as the

. reacting gases. The reaction conditions are given in Table 1.

Tasee No. 1
TICL, (sccM) . 10
NH5 (sccm) 100 .
N, (sccm) ' 5000
REACTION CHAMBER Passsuas (Pa) 2660 (20 Torr)
SUSCEFTOR ROTATION RATE {(RPM) 100
SUBSTRATE TempP. (°C) ' 480

This was then anneaied with a piésma anneal. The

ammonia flow rate was 5 .000 sccm, RF power setting 750 warts at
450 KHz, pressure 665 Pa (5 Torr), and rotation rate 100 rpm for 120 seconds.

| The susceﬁtdr tempéramr_e was maintained at 467° C, prd{/iding a

wafef temperature of 450° C; ‘which 'produced a film having___ a

* resistivity of 36_3 micro ohm-centimeters and a chiarine con;ent of

4.5 %. A similar film 'th.ermaily ax;mealed under the_ conditians st

farth'. in Table 2 preduced a film havfng a resistivity of ever 1,000

micra-ohm centimeters and a chiarine cantent of 5.0 %

TA8LE Na. 2
NH, (scom) | - 5000 |
ReAcTiON CHAMBER PRESSURE (Pa) 2660 (20 Torr) v
SUSCzrTOR ROTATION RATE (RPM) : 100
" SUBSTRATE Temp. (°C) 450 : ¢
(No F_LASMA) : '
' AMENDED SHEET



ith chlorine contents of at |east 5.0% : .Thy*s,':by"’,"‘:
the present invention, an inproved filmi's formed whixch: has-ds»: 2"

resistiylty lower than thermally annealed filnms and a chlori'ne cont*ent ** *
{ess tifan thermal |y @nnealed filns. At the sane tinme, the tenperature is
mai ntAi ned at |ess than 500[err] C which makes this suitable for

rated circuits having alum num |ayers, inproving the ability of the
I cal vapor deposited titanium nitride filns to be enployed in
tegrated circuits. This significantly inproves the overall utility of
hem cal vapor deposited titanium nitridg, fil ns. : Thi s

i nvention has been described including the preferred nethod of practicing

the invention Cuﬁ'(ﬁ%%ls%ivl‘&%‘@@ﬂm'é‘%%\égfed ihRfis manner generatly exceed 1000

uQ-cm with chiorine contents of at least 5.0%.

-
-

Thus, by erﬁploying the present invention, an improved
fiilm is formed which has a resistivity lower than thermally annealéd
films and a chlorine content less than thermally annealed films. At'

‘\, ;he same time, the température is maintained at less than 500° C

| which makes this suitable for integrated f:irf:uits_ having aluminum

layerg, improving the a.biiity of the che_mical vapor depaosited _tit'ani&n
nitride films to be employed.in ihteg:ated circuits. This Signiﬁcéntty '
improves the overall utilif_y of chgmfcal vapor depoéited titanium
nitride films.

This invéntion has been described inciuding the preferred
method of practicing the invention curferitly known. However, tha.

- invention should oniy be defined by the apbended claims wherein we

*

_claim:
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I nvention should only be dg_lrgerd‘@/_in_e_ggpgrlded cl ai s Wnerel.n vae. clalm,
1. A nethod of formng & aniumnitride filmon a. substra-te (*28), ,»saisd
met hod conprising the steps u ting said titaniumnitride
*filmon said substrate by tﬂ H“‘“I“Im u“ pour deposition using titanium.
tetrachl oride; characterised o &nn allng said titaniumnitride
filmby contacting said titaniumnitride filmwith a plasma fornmed froma

- gas selected fromthe group consisting of anmonia and nitrogen at a
tenperature | ess than 500[err]C

1. A method of forming a titanium nitride film on a substrate (28), said method

comprising the steps of:
depositing said titanium nitride film on said substrate by thermal chemical

. vapour deposition using titanium tetrachloride; characterised by

-
-

annealing said titanium nitride film by contacting said titanium nitride film
with a plasma formed from a gas selected from the group consisting of ammonia and
nitrogen at a temperature less than 500°C.

2. The method claimed in claim 1 wherein said plasma is

created by subjecting said gas to RF energy.

3. The method claimed in claim 2 wherein said RF energy is greater than 100 W.
4, The method ciaimed in claim 1 wherein szid piasmé
anneal is cantinued for ‘15 ta . 300 seconds.

5. The method claimed in claim 1 wherein said titanium
| n'riride film is rotated at a rate from 0ta 1,000 rpm.
8. " -The methad claimed in ctaim 1 wherein said temperamke
isfrom  400°Cto §00° C.
7. The method claimed in claim 1 wherein said annealing is conducted at a

pressure of from 133 Pa (1 Torr) to 1330 Pa (10 Tom).
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2. The method claimed in claim1 wherein said plasma is created by ...,

b .'l‘

subj ecting said gas to RF energy. 3. The net hod clal rred in cl atm.2 3 ;78
wherein said RF energy is grm 'The method ° nes

clained in claim1 wherein sai ﬁ“‘ls contlnued for 15 to
300 seconds. 5. The nety| mma‘lm aim1l wherein said titanium

-12-

& The method claimed in claim 1, wherein, during said annealing,
_ said titanium nitride film is rotated;
"said plasma is an ammonia plasma;
said ammonia pl_asma is formed by contacting a flowing stream of ammonia
with an RF electrode (22) at a y&attage of at least 100W; and '
said titanium nitride film is Heated to a temperature of 400°C to 500°C at a

pressure of 133 pa . (1 Torr) to 1330 Pa (10 Torr).
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.is from "~ 400C to 500[err] C. 7. The nethod clained,.iniclarnm;
1 wherein said annealing is conducted at a pressure of from-1B83:Pd - (-1;

Torr) to 1330 Pa (10 Torr). 8. " The nmethod claihed i*n *
sclaim1, wherein, during said annealing, _ said titaniumnitride film
I S rotated; ' '

PROCESS FOR PLASMA ENHANCED ANNEAL OF TITANIUM NITRIDE

Abstract of the Disciosure

A titanium nitride film is annealed at a temperature less
th::-m 500° C by subjecting said titanium nitride film to an RF created
plasma generated from a _nitrogen-cohtaining gas in a rotating
susceptor reactor. The formed film is comparable to a thin film

annealed at significantly higherltemperamres, making this process

useful for integrated circuits containing aiuminum elements.
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sald plasma is an armoni a pl asma;
contacting a flow ng stream of anmonia with an RF el ectrode (22):at a° :

yattage of at |east 100W and said titaniumnitride fil'mig:-heat'ed’® :
to a tenperature of 400[err]C to 500[err]C at a pressure of 133 Pa (1

Torr) to 1330 Pa (10 Torr).
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