DESCR?® P T 1 0N MTHOD OFFOBREISI RERNDUCTORS | N HI GH ASPECT RATI O
APERTURES The invention relates generally to“the interconnection of
integrated circuit structures, and nore particularly to the formation of
conductors within high aspect ratio apertures. As iptegratet-—ci i
structures have becone nore conpact, the need for IlbwHeSHEERHAS BRENa
connections between these structures has™ ihct eased. ChemREHMLACERapor
deposited (CVD) tungsten, evaporated al um num doped=w—H—<copper _or silicon,
and titaniumor cobalt silicide _!}iaE\‘/e§ b@g ﬁi{& rgciagl y in the industry to
provi de these intercennections. t, in order to

preserve the | ow

METHOD OF DEPOSITING CONDUCIORS IN HIGH
ASPECT RATIO APERTURES

The invention relates generally to the interconnection
of integrated circuit structures, and more particularly
to the formation of conductors within high aspect

ratio apertures.

As integrated circuit structures have become more
compaét, the need for low resistance metal connections
between these structures has increased. Chemically
vapor deposited (CVD) tungsten, evaporated aluminum
doped with copper or silicon, and titanium or cobalt
silicide have been used recently in the industry to
provide these interconnections. .

It has been found that, in order to preserve the low
'resistivity of these metals, it is neceésary to
include some sort of barrier layer between the metal
and the conductive structure to be contacted. These
barrier layers prevent spiking betﬁeen the metal and
underlaying structures, while also preventing diffu-
sion of nonconductive species that may penetrate into
underlaying structures during the deposition of the
metal. For example,‘during the depoSition of CVD
tungsten, fluorine byproducts of the chemical reduc-
tion of tungsten hexafluoride may penetrate lower
layers and degrade resistivity characteristics.
Moreover, when the underlaying structures include ncn-
reactive insulators such as silicon oxide, barrier
layers provide enhanced adhesion between the metal znd
the insulator. Finally, some barrier layers such as
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resisttvity of these netals, it is necessary to include sone sort of
barrier |ayer between the nmetal and the conductlve structure to be

contacted. These barrier |ayers prevent spiking b o e a—tlre—ret ‘d
under | ayi ng structures, while also preventing dlffutM$$bEEbHA&@ﬁ§Un

species that may penetrate into underlaying st rug uresﬁ@&iﬁﬁthhe
g ‘

deposition of the metal. For exanple, dufifig-the
tungsten, fluorine byproducts of the chem cal reduc- tion of tungsten

hexaf | id t

nexarl uor) de, Tt RShE O VRILE ShesRRACRRY! BB ILERREY M Fepet,,
reactive insul attbgswiddhh aadsmbmownn9xiUQFIEQrpxedesaﬁadsepcbvreslenhanced
adhesi on bet weeg,Lhg %?BﬁleiﬁgsEQEiheéfkééeéz Finally, sone barrier |ayers

such as

One of the layers that has been used recently in the
art is titanium nitride (TiN). Typically, the TiN
barrier layer is formed by reactive sputtering from a
titanium source in a nitrogen-containing ambient or
directly from a titanium nitride source. Examples
include US Patent 4,783,248, "Method For The Produc-
tion Of A Titanium/Titanium Nitride Double Layer," to
Kohlhase et al. and assigned to Siemens; US Patent
4,822,753, "Method For Making A W/TiN Contact," to
Pintchovski et al. and assigned to Motorola; and US
Pétent'4,920,073, "Selective Silicidation Process
Using A Titanium Nitride-Protective Layer," to Wei et
al. and assigned to Texas Instruments.

Conventional sputtering provides satisfactory results
when used on a planar surface. Moreover, it also is
useful when used to coat the sidewalls and bottom of
an aperture {(or via) formed through a passivation or
other insulating layer to an underlaying structure,
where the ratio of the height of the aperture to its
width (hereinafter the "“aspect ratio" of the via) is
less than 1:1. However, as the aspect ratio of the via
increases, conventional sputtering does not provide
acceptable results. Specifically, far less material is
deposited at the bottom portions of the via or hole
than at the top, since the walls "shadow" the lower
exposed surface. As a result, deposited material at
the upper surfaces increasingly accentuates the
shadowing effect, thereby prematurely closing the
upper section of the structure to be filled and™
preventing effective fill of the lower section.
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- 2-‘titaﬁiun1he|p reduce interfacial resistance by react- ing with, and
renovi ng, native oxides and etch resi- duals from exposed interfaces. One
of the layers that has been used recently in the art is titaniumnitride
(TiN). Typically, the TiN barrier layer is fornmed by reactive sputtering

froma titaniumsource in a nitrogen-containing a iﬁ*% PEEF LY I irom a
titaniumnitride source. Exanples include3US Pate 5%.5_ A3, d For
The Produc- ‘tion O A Titaniunm Titanium Nitride Do ' | hase

et al. and ass&gned to Sienens; US Patent
is problem is illustrated in Fig. 5 of US Patent

4,879,709, "Titanium Nitride Film In Contact Hole With
Large Aspect Ratio," to Yokoyama et al. and assigned
to Hitachi. The sputtered titanium nitride is 135 om
thick on the upper surface of the passivation layer
and only 40 nm thick at the bottom of the contact.
Also, note that portions of the titanium nitride on
the upper surface of the passivation layer extend into
the contact hole to form rounded deposits on the upper
sidewalls of the contact hole. This deposit will tend
to close off the contact hole before it is completely
filled by either sputtered or CVD deposited conductor

films.

The solution disclosed by Yokoyama et al. is to
deposit the titanium nitride in a plasma CVD reaction.
By its very nature, CVD tends to be more conformal,

" - such that the amount of material at the bottom of the
contact hole will be similar to the amount on the
upper horizontal surfaces. This will also prevent the
formation of the aforementioned rounded deposits. .
Unfortunately, the deposition is carried out using
chlorinated titanium species such as titanium tetra-
chloride. During the titanium reduction reaction,
chlorinated reaction products may be incorporated intc
the titanium nitride, substantially reducing the low
contact resistance benefits afforded by titanium
nitride. Further, the omission of a pure Ti layer frcao
the structure means that native oxides or other
nonconductive residuais will not be removed from the
bottom of the contact hole.

It is thus an object of the present invention to form
a layer(s) of conductive material within high aspect

ratio apertures. .
-
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4,822,753, "Met hod For Making A WTi N Contact,” to Pintchovski et al. and
assigned to Motorola; and US Patent 4,920,073, "Selective Silicidation
Process Using A Titanium Nitride Protective Layer," to Wi et al. and
assigned to Texas Instrunents. Conventional sputter i =
satisfactory results when used on a planar surface. Nt SUEET HAB BEEDL ||i
useful when used to coat the sidewalls and4bottom of an APEHAHEL (or..
formed through a passivation or other insulating | ayer to an underlayi ng
structure, where the ratio of the height_of the aperture to its width
(herei nafter thet"bgpeeetheriebjectia Vhﬁ)lpgep§§§ntﬁﬁnPI°Yl fofdever, as .

the aspect rat 'ﬁaﬁléﬁewyérIxﬂ&féﬁﬁ&i(swﬁnaﬁt Peaaidépuigﬁrcaﬁddees not

rovi de acceptabj e resujts. ecificall ess
P P tiv1 ty, 1m£ rity conXénLratlons, ﬁ getkerlng

properties, and regular surface morphology, without
introducing reactive products that may substantially
degrade these properties.

It is yet another object of the invention to form such
a barrier layer material by a process that enhances
the amount of material at the bottom of a high aspect
ratio apérture without introducing reactive byproducts
that may substantially degrade contact resistance and
other properties of the deposited material or of
underlying layers or structures.

The above and other objects of the present invention
are realized by depositing conductive materials by

- sputtering through a collimator. The collimator
enhances the amount of material deposited at the
bottom of the aperture relative to the amount on the
upper surface of the insulator. Moreover, the re-
sulting material provides good resistivity and other
properties without introducing reaction products that
could degrade these properties.

The foregoing and other structures and teachings of
the present invention will become more apparent upon
review of the description of the best mode for carrying
out the invention as rendered below. In the description
to follow, reference will be made to. the accompanying
Drawing, in which:
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deposited at the bottom portions of the via or hole than at the top, since
the walls "shadow' the | ower exposed surface. As a result, deposited
material at the upper -surfaces increasingly accentua | sherdoWTO
effect, thereby prematurely closing the upper secti dnr@fg ngEEHA&BEEN-\
be f|IIed and preventing effective fill _of the |owe sectﬁanLACEDS Thi _

,.-—-——!?"—_—-.
problemis illustrated in Fig. 5 of US Pa ent 4, 879,za9 NF'tride
FilmlIn Contact Hole Wth Large Aspect Ratio," to Yokoyama et al. and
assigned to Hi They sput - Lt Ll desi S, 1 Lgk on the
upper surface ﬁf&'t hJé ass%v%tégfﬁggagg%ﬁbgg%wiéa 5% m§ ? gﬁﬁgg%égﬁg bottom
of the contact. Al so, nomgrcuat hav1ng the conductive material of

the invention formed thereon, by deposition
through a collimator;

Fig. 2 is a table of the bulk resistivities of
layers of titanium nitride formed in ac-
cordance with the teachings of the in-
vention;

Fig. 3 is a graph of titanium thickness at the
bottom of a high aspect ratio via versus
sputter pressure in accordance with the
teachings of the invention; and

Fig. 4 ~is a bar chart-of titanium deposition rate
as a function of collimation aspect ratio.

With reference to Fig. 1, a substrate 10 is shown
having an diffusion region 20 formed thereon, wherein
the conductor of the invention 40 is deposited through
an aperture 50 in passivation 30. Passivation layer 30
-of borophosphosilicate glass (BPSG) or phosphosilicate’”
~glass (PSG) is deposited at thickness H of approximately
11K angstroms. A contact hole 50 is formed through the
BPSG or PSG 30 to expose the diffusion region 20. The
width W of the contact hole 50 is approximately 5000
angstroms, such that the aspect ratio H:W of the
diffusion contact is on the order of 2:1.

In the invention, layer 40 is formed by reactive
sputtering from a sputter target 70 through a colli-
mator 60. The collimator 60 is disposed on a plane
normal to the plane of the contact holes. Preferably,
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portiéns of the titaniumnitride on the upper surface of the passivation

| ayer extend into the contact hole to formrounded deposits on the upper

sidewal I s of the contact hole. This deposit wll teLdn%gﬁg
Sp

| Of It
contact hole before it is conpletely filled by eithgr g%;gﬁ;%@E@W
By—Yokova al . {fis to

deposited conductor filns. This solution ¢ scl osed
deposit the titaniumnitride in a plasma CVD reaction. By its very nature,
CVD tends to be nore conformal, such that the amount of material at the

bottom of the geniachlle pawallldie ti HHeAsputtdie taryey 701 Mhe upper
hori zontal surfaces. Thi s will .also event .the formation of the
af or enent i onedcpgiﬂrﬂ'é&o&'e|§§s H@s%r‘gﬂ%tseq’%es[ I?é"o GEen AP carri ed

out using chl ocupakedolrmedniimma dpem chivlciplatd idfasitenl oat oxhell ori de.
be. { neor por at eBSERESinEBRIT Skt Aedt B isetei MRS B6li ng The Tow
cont act resistspu&thgdabiCsn@ﬁﬁﬁxﬂmdd@ﬁdﬂﬂﬁﬁﬁ|hehmmwid@e Aperitarest he
O oo RHes aEeabBYS, 16/ ATl B 5 benbl K2 SO
contact hole. use of a collimator to deposit sputtered material
(copper) is given in a presentation by S.M. Rossnagel
et al., "Lift-Off Magnetron Sputter Deposition,"
- American Vacuum Society 36th National Symposium,
~ Boston Mass., October 23-27 1989, Final Program p. 286
(copper deposited on lift-off structures to eliminate
sidewall depositions); see also Rossnagel's US Patent
4,824,544,

The effect of the collimator is to restrict the paths
of sputtered species to near-normal angles of incidence
" - at the substrate surface. Species at other than
near-normal angles deposit at the collimator surface,
or within the collimator apertures. This is shown by
lines SA-SE in the Fig. 1, which represent the sputter
paths of atoms from target 50. Notice that sputter
atoms with paths SA, SB, and SE pass through the
collimator apertures and are deposited on the sub-
strate. Atoms along paths SC and SD, which vary off a
non-normal angle of incidence, are not passed through

the collimator. . 3

In géneral, the result of sputtering though the .

collimator is to form a layer 40 in which the thick-

ness of the portions 40C at the bottom of the contac:

hole is a higher percentage of the thickness of

portions 40A on the upper surface of the passivaticn

layer than would have been obtained without a cclli-

mator. Also, as will be discussed in more detail
RK
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According to one aspect of the present invention there is disclosed in a

process for sputtering a barrier layer metallurgy conprising a refractory
metal or refractory netal alloy froma sputter target into contact holes

having side and bottom surfaces defined in an insulator arranged c

sem conductor substrate, at |east sone of the conta
aspect ratio on the order of 2:1, the |npr3vénent

bei ng spaced fromthe substrate, sai oII| tor haV| féast“;one
openi ngs with aPelRPecthe Kesulting g% éﬁd’“@ﬁ&ﬁ?ﬁ?ﬁg coRtp

refractory net ai:e@isf.&iéél,c'[ﬁd/ oEhét pi-bperaies phassare Sepewritor in

tel 7l d 3 ni d t t al f t
moLal | REPLACKTRTCASRAA S t IDGOREF RS CRTRRCBROLUP g SRR bot t o

surfaces of saitional asputitdringndFrinalby, anote that the material 40B
deposited on the sidewalls of the contact hole is of
fairly uniform thickness; there is no buildup on upper
portions of the contact liole sidewalls as there would
be if deposited using donventional sputtering tech-

niques.

The results of various experiments carried out using
sputtered titanium, titanium nitride, and a sputtered
Ti/TiN bilayer stack will now be discussed below.

1. Sputtered Titanium Nitride

In one group of experiments, a blanket lafer of
- - titanium nitride was deposited on silicon dioxide at
150 C in an N2 ambient by sputtering, where the only
variable was the use of a collimator. Profiles of
_oxygen concentration in the films in depth were
measured using electron spectroscopy for chemical
analysis (ESCA). The TiN sputtered through a colli-
mator had a surface oxygen content of approximately
30%. This was due to initial adsorption of ambient
N oxygen upon removal of the sample from the deposition
unit. This oxygen percentage dropped to under 1%
within the first 1/10 of the TiN thickness, and
remained there throughout the rest of the film. For
TiN layers sputtered without a collimator, the oxygen
content started out at the same 30%, but it declined
to approximately 6-8% within the same 1/10 thickness
that the TiN through the collimator dropped to under
1%. Moreover, the TiN without collimated sputtering
had on the order of 3-6% oxygen content throughout.
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substantially uniformthickness at said side surfaces of said contact
hol es. According to another aspect of the present invention there is
di sclosed in a sputtering process for depositing a ref
refractory nmetal alloy layer froma sputter target o ggﬂgb_ﬂ-mzsaEm i ng
at | east sonme depressions therein with aspect ratios on th@gpamMDof 2:4L,

each of said depressions having bottom and side surf
conprising disposing a collimtor between the sputter target and the

substrate, sai colllnat bei ng. spac fr ub. trate‘i nd_.sputtering
said refract orgﬂrﬁﬂ Oi r’éb‘%cﬁ‘?& Qﬁrgeo&elr];@éfepﬁs’a %féﬁi"tff bet ween
approxi matel y G:dllﬁimtumncis3 mole [demsk @And less tpatand e:rrpqmsmr e of
approxi mat el y efr al I oy

| ayer being forfné?f;SﬁIOIF%&’g’#gI ang&%g%ﬁtn?ﬁn}l?tﬂ 1(‘1gahcé{es 0 Césh%cyi" gi%or essions and
havi ng a subst aiﬂ.pqﬁllt;edjmﬂzhout m@&mwn-saiﬁwmtsdrdmmm sai d

depr essi ons. i *ﬁo f f?ﬁ:n{d@

di scl osed a process l?'gr %)or E’a%r rnlﬁenr a(@elzyéeérq wthin a % aspect
ratio aperture 9forFiedPXkden mm%siﬁgx@@e@w the @legtirdasdd re@sistdvidyr at e,
conprising the Fi®eRamisive properties of the £ilm.

This improvement was confirmed in another series of
experiments in which bulk resistivities of the
collimated versus non- collimated deposits were
measured. Fig. 2 presents a table showing the results
for a layer of TiN of giveﬁ'thickness formed on a 125
or 200 mm diameter silicon wafer, at the stated
deposition temperature and ambient (equal amounts
argon and nitrogen indicated as “Ar/N2," and alterna-
tively a pure nitrogen ambient indicated as "N2"). The
words "center" and "edge" refer to the vicinity of the
wafer (the center versus the edge) from which readings
were taken. Whether the wafers are 125 vs 200 mm does
not have a bearing on the results..The results indicate -
. that all else being equal, collimation reduces bulk
resistivity by at least 3 times (102 uohms-cm versus
305 for depositions at 150 C in N2 with measurements
taken at the wafer edge; 124 versus 1180 (almost 10X
less) with measurements taken at the wafer center; and
90 versus 640 (6X less) for approximately 500 C in N2
only, with measurements from the wafer center). This
large reduction in bulk resistivity was greater than
could be reasonably accounted for by less oxygen
content and is attributed to a more dense micro-
structure of the film (i.e., fewer nonconducting

voids).

_—
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sputtering “a layer of titaniumonto the substrate through a collimator

having 1:1 aspect ratio openings therein, said collimtor belng spaced from
the substrate, said layer of titanium-being sputtered
0.7 mlorr and 3 niforr; sputtering a layer of titanium
llayer of titaniumthrough said collimator_ gaid second
carried out in a working gas consisting éssentially oﬁ :
between 0.7 mlorr and 3 niforr; said Iayers of tltanlun1and tltanlun1n|tr|de

bel g forTed on BRishASS I el %eS-'sSP‘i‘slé*f’&%ap% FEF
anneal i ng saldIspumtenﬁhglusmhnﬂguasd agaanuummhucnm@amatignIhexmmblent to
convert 1 tani urgign Ayl valriah1d, e HRCEIR Wark AUYEd Iadd de.
analyzed from SEM micrographs. It was found that in
general, the collimatéd TiN exhibits a very dense
morphology, in the sense of less intergranular voiding
than is present in sputtered TiN without collimation.
Moreover, the f£ilm had a highly columnar grain struc-
ture. This more dense morphology may play an important
role in the reduced bulk resistance noted above;
moreover, the reduced intergranular voids may reduce
oxygen penetration in the film and provide a more
impervious barrier to penétration by reactive by-

products of the CVD process.

0

2. Sputtered Titanium

- Similar results were achieved for titanium deposited
using the collimator. That is, collimated titanium
tended to exhibit lower oxygen impurity concentrations,
lower bulk resistivity, and more regular morphology.

Additional studies illustrate the increase in the
amount of material at the bottom of the contact hole.
Fig. 3 is a plot of the thickness of titanium at the
bottom of a contact hole having an aspect ratio of
approximately 2:1, as a percentage of the thickness of
titanium at the upper surface of the passivation
layer, against sputter pressure. Note that the thick-
ness of the uncollimated film at the bottom of the
contact hole is only approximately 5% of the thickness
of the layer at the upper surface of the passivation
layer, over the entire range of sputter pressures

studied.
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4A According.to still another aspect of the present invention there is
di scl osed a process for sputtering a layer of titaniumnitride onto a
substrate having at | east one depression having side and bottom surfaces,
said at | east one depression having an aspect ratio on the order of 2:1,

conprising the steps of formng said at | east one JdgPFresSSFER—OY

substrate, and sputtering said |ayer of tl?anlunlnlirﬂﬂ&sﬁﬁﬁﬂWﬁﬁkBEﬂ% rate

through a col li mator spaced fromthe substrate, salg sput REPRARERT e i ng
and

carried out at a pressure between aggrOX|

in a working g¥otenkhat ke cthigkn ?yrﬁFl?e}Kfre§§?ﬂ asyarceflimatarum

nitride being dﬁ§0§sé@¢ a8 §neddépd§1eﬂdn étlﬁ:f:éCES paised¢ angl east
deposi ted a&

one depression, er of t an itri
substantially u%??%? %?ﬁe%% gg”€R§ gﬁ??gﬂgslﬁflg%¥%a§? teast one
depr essi on. Accnmdlt@m@etaemrenmth@hldhpﬁ:tandumrﬂeposahiomnlahere S

dieciosed |1 @ SLEEER L SPANL S| hode BE14 Ll AT BRLOKALESYREOM 5110
the bottom. At a collimator aspect ratio of 1:1,
raising the deposition temperature above 150°C to
500°C increases the fractional deposit by 7%. At a
collimator aspect ratio of 2:1, increasing the temper-
ature from 150 to 500 C doubles the film thickness at
low pressures, and increases the percentage by 10% at
higher sputter pressures. This phenomenon was not
observed for titanium sputtered without a collimator;
increasing the temperaturé did not increase the film
thickness at the bottom of the contact hole by more
than a few percent. Also; this phenomenon was not
observed for uncollimated titanium nitride; again,

- carrying out TiN deposition at higher temperatures did
not increase film thickness at the bottom of the
contact hole by more than a few percent.

There is a direct relationship between increasing the
aspect ratio of the collimator and increasing the
fraction of deposited material at the bottom of the
contact holes with respect to the top. Omitting the
variations due to temperature (that is, considering
T ) only the 150 C depositions shown in Fig. 3), and con-
| ' sidering the data at a sputter pressure of 0.9 mTorr,
note that the percentage is around 4% for the un-
collimated case, 11% for the collimator at a 1l:1
aspect ratio, and 17% for the collimator at a 2:1
aspect ratio, which is four times greater than the
non-collimated case. Similar results are expected Zfcr
titanium nitride since the sputteréd titanium behaves
similarly in N2 or N2/AR ambient.
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alloy froma sputter target into contact holes having side and bottom

surfaces defined in an insulator arranged on a sem conductor substrate at
| east some of the contact hol es having an aspect rg
t he i nmprovenent conprising disposing a collimtor

target and the substrate, said collinmator ﬁglng spﬂced fHEﬂEﬂEEgjggg_ﬂrate

said collimator having at | east sone openitys wi t hitar=ss 0 of at
| east 1:1, and sputtering said refractory netal or refractory netal all oy,

said refractory tal_or refractory.n l,.sall oy b si de
and bottom surfﬁgﬁaj&&%tf%%%‘g%tf%%%st@%% %%ﬁ?n%g%rgé%%tlaﬁt?%

uni f orm t hi ckne_a:satito sia'cteﬂs&s sthé camoumt eﬁimlateria:btdd!mme@\chmrdi ng to
yet anot her asp %ﬁﬂi t §@5E

process for dep(;%(s'iutl ng a ré‘? rac %}ﬁ# é)?ées%!r? rac ory %a%%%t'oy | ayer
froma sputter Edgyetd orkthe depasition rate r@e@cea%tm Hepwhenizns
therein with asgeal do¥idmedl e WP £d ZdderddSds by a factor of

four from a 1:1 collimator to a 2:1 collimator. With
reference to Fig. 1, as the aspect ratio of the
collimator increases, the percentage of sputter atoms
that follow a path SC will increase, sucﬁ that less
atoms are available for deposit. At the same time, the
atoms that do make it through the collimator will be
on a lower angle of incidence relative to the plane of
the contact hole. In other words, the percentage of
atoms following paths such as SB, SE will increase,
thus increasing the percentage of atoms that make it
to the bottom of the contact hole.

-‘-—

snEsaHasﬁﬁﬁ"{ !

- The inventors also found that the increased fractional
deposit did not follow for contact holes having lower
aspect ratios. A 2:1 collimator did not provide enhanced
results over the results achieved using a 1:1 collimator
for low aspect ratio features. Thus, the inventors
postulate that the optimal tradeoff between deposition
rétes'andiincreased deposit at the bottom of the
contact hole is provided where the aspect ratio of the
collimator apertures is no greater than the aspect
ratio of the contact holes. - '

Increased Ti at the bottom of high aspect ratio
apertures has also been found to reduce the resistance
of TiSi2 silicided electrodes. A collimated deposit
(aspect ratio of 1.5:1) of titanium in a 0.8um deeﬁ
aperture greatly reduced ultimate silicide resistance
is compared to the non-collimated case. The resistance
decrease/stabilization increased with the aspect ratio

of the aperture.
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REPLACEMENT® SHEET 4B of sai d depressions having bottom and side surfaces,
the inprovenment conprising disposing a collimtor between the sputter -
target and the substrate, said collimator being spacegs=# SRV
and sputtering said refractory netal or refractory mef

a substrate tenperature of approximtely_ [g%r saijd refﬁ '
refractory metal alloy |ayer being forned sard Si de=&af ontsurfaces
of said depressions and having a substantially unlforntthlckness at said

Tvent | on ¢ her o 3o SHUHEEE AP BERIRRED | 0 YOt PO TEN Barrier 1 ayer
wthina 2:1 aspect ratio aperture formed within a passivation |ayer
oo ony s AL RGBS aged oty SN el gLy
openi ngs t.her ei ARPPe&IXd tébll?ﬁm@ﬁ aaéyrgemw fefcﬁﬁqmeusmnbm@n@aq d
| ayer Experiments were carried out in which 600 angstroms of
Ti and 400 angstroms of TiN were successively sputtered
through contact holes having 2:1 aspect ratios and
greater, to contact separate n and p diffusion regions.
The contact hole was then filled with blanket CVD
tungsten, tungsten studs were formed by standard
planarization processes and the filled contacts were
interconnected by an aluminum wiring level. For
non-collimated Ti/TiN, the mean contact resistance was
71 ohms/contact for the N+ contact, and 138 ohms/con-
tact for the P+ contact. For collimated Ti/TiN, the
contact resistance was approximately 1 ohm/contact for
both N+ and P+ contacts. Again, sputtering through a
- collimator greatly reduces contact resistance when
compared to non-collimated depositions. We attribute
this reduction in contact resistance to a reaction of
the additional titanium deposited at the bottom of the
contact. In addition, the.more dense nature of the '
collimated TiN barrier film prevents fluorine penetration
under  and into titanium durlng the CVD tungsten
deposition process.

Having discussed the various experimental results
achieved using collimated sputtering, we will now
discuss the specifics of the sputtering process
itself. The general process is similar to conventional
sputtering methods. A gaseous piasma of an inert atom
such as Argon is created that bombards the cathode

5 target, dislodging atoms that are deposited on the

; electrically decoupled substrate. In the case of

| titanium nitride, better process control is achieved

—_—
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of titdniun1being sputtered; sputtering a layer of titaniumnitride onto
said layer of titaniumthrough said collimtor said second sputtering step
being carried out in a working gas consisting essentially of N2; said

| ayers of titaniumand titaniumnitride being forned 3 s

bottom of sai'd aperture, and having a substagntially u
said sides of said aperture; and.annealingsai'd |ayer
titaniumnitride in an N2 anbient to convert titanium? des—of—sdi d
aperture to titapiu | t.ride. Accordi o,still another .a t he
i nvention there ¥ g?@EPBS ang BF@P@%%QF%}t UF?E%FHU §”Fa§§ﬁ5§fﬁ?i98ﬁium

nitride onto a sabspn&hethavbngbatdmeaxtsopeceepnésthenrbaomb@nahug and
bot t om surfaces, 5al,dea h%%a§EF3Q§ Qﬁ%@?%ﬁoniQﬁﬁgﬂﬂ%ﬁﬁoﬁépﬁﬁtfbgh'8 on the
g the steps o a e

order of 2:1, conprisin e S ‘ormng sai east one pression
on sai d substrat&itandum nitride deposit.

Plasma (working) gas atoms (e.g. Ar) scatter sputtered
atoms, potenﬁially knocking them "off-line" after the
sputtered atoms pass through the collimator. Therefore,
it is important that low working gas pressures (less
than 1.0 mtorr) are used when depositing through a
collimator in order to lessen scattering. Working gas
composition also affects scattering. Argon atoms tend
to cause greater deflection of sputtered atoms than
would a lighter working gas such as nitrogen. Pure
nitrogen is the preferred working gas to deposit TiN
using a collimator. The use of pure nitrogen assures

‘ that, even at the low pressures required with collimation,

- sufficient nitrogen is present to form TiN. The
tradeoff here is that the lighter N2 atoms are not as
efficient in dislodging titanium atoms from the
sputter source, such that the cathode.power has to be
increased from 3-6 kW for the usual argon ambient to
6-9 kW of the N2 ambient.

These experiences with TiN deposition lead to several
conclusions as to how to minimize gas écatfering. Cne T
conclusion is to use lighter inert atoms even when

sputtering titanium. Another conclusion is to use

lower sputter pressures (less than the conventional

3-4 mTorr; in the general range of less than - 1.0 mTorr),
even if argon is used as the inert sputtering specie.

\
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4C sputtering said layer of titaniumnitride onto the substrate through a
col limator spaced fromthe substrate, said sputtering step being carried
out, and in a working gas consisting essentially of N2; said |ayer of

titaniumnitride being deposited on said side and bottomsurfaces of said

at | east one depression, said layer of titggiumnitrid tegg g
a substantially uniformthickness on sai d g?de surface tﬁ¥§gH %g%?dggg

one depression. The foregoing and other structures and

present-inventiongMbLEbecone mor e apparent upon revi ew of the descrlptlon
of the best node carrying out the invention as rendered below. In the

description to follow, reference will be made to the acconpanying Draw ng,
in which: Having generally discussed various aspects of the

invention, a specific Example will now be discussed
with reference to filling the contact hole shown in
Fig. 1. The diffusion region 20 and passivation layer
30 are defined and deposited using conventional
techniques. Then a photofesist mask is defined on the
_ passivation layer 30 to define the contact hole 50,
and the contact hole is etched using reactive ion
techniques in a ambient CF4 + 02. Note that the
photoresist mask is fairly thick, such that the image
will still be in place at the end of the etch process.

Then 600 angstroms of titanium and 400 angstroms of

TiN are sputter deposited through a 1:1 collimator, at
0.7-1.0 mTorr pressure. During the titanium deposition
the substrate temperature is maintained at 450°C, and
afgon is used as thé inert bombardment atom. During

the TiN deposition, the ambient is changed to N2. The
resulting composite film has portion 40C that is on

the order of 260 angstroms (or roughly 25%) of the
thickness of portions 40A. Moreover, the sidewall '
portions 40B of the composite film have substantially
uniform thickness along the entire contact hole

sidewall, enhancing adhesion of subsequently-applied
films. As previously discussed, the resulting film
presents low bulk resistivity, low contact resistance,
low oxygen concentration, and enhanced surface morphology
as compared to similar films deposited without collimation.
Also, the collimated TiN provides an improved barrier

to fluorine penetration of the underlying films at the
bottom of the contact hole. Fludrine contamination cf
underlying titanium films and silicides is known tc

—_—
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Fig. 1° 8% a cross-sectional view of an integrated circuit having the
conductive material of the invention formed thereon, by deposition through

a collimator; Fig. 2 is a table of the bulk resistivitig
titaniumnitride fornmed in ac- cordance with the teachings

vention; Fig. 3

aspect ratio via versus sputter pressure |

is a graph of titaniun1#§igkness at the jpott omepLagebi gh

DITHSHEDT HAS BEEN

of the invention; and Fig. 4 is a bar chart of titaniumdeposition rate

as a function of,qold i #Bd O 35PELin e L of mechanisms including loss

of adhesion of CVD tungsten and high contact resis-
tance. For some applications, the fluorine barrier
properties of the layers can be further enhanced by
carrying out an anneal step at 500-600°C in a N2
ambient to complete the conversion of any remaining Ti
sidewall components to Ti nitride.

It is to be understood that various modifications can
be made to the structures and teachings discussed
above without departing from the spirit and scope of
the invention. For example, while the invention has
been discussed with reference to titanium and titanium
nitride, it can be utilized in conjunction with any
other sputtered, reactively sputtered or evaporatéd
barrier material such as-chromium, tungsten and Tiw,
as well as with materials such as tungsten and alumi-
num that would be used to £ill such high aspect ratio
apertures. Moreover, while the invention has been
illustrated with reference to a particular. contact
embodiment, it can be applied to a broad range of
applications in which high aspect ratio apertures are
to be coated or filled. Finally, the specific¢ times,
temperatures pressures, ambients, etc. discussed can
be optimized for a given application.
R‘\K
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Wth reference to Fig. 1, a substrate 10 is shown having an diffusion
Tegion 20 formed thereon, wherein the conductor of the invention 40 is
aperture 50 in passivation 30. Passivation |ayer 30 of

deposited thr

bor ophosphosi | i or phosphosilicate glass (PSG .is-—
deposited at t ZﬁﬂH m@ oxi mat ely 16l angst r onj .Ti_ﬁsgp‘@t@msrgﬁm 0
is formed throu G 6r PSG 30 to expose the dif u3|cnhéﬁ¥AGED he

wi dth Wof the contact hole 50 is approximately 5000 a

the aspect ratio HWof the diffusion@dnttack MsSon the order of 2:1. In
the invention, layer 40 is fornmed by reactive sputtering froma sputter
target 70 through a colli- mator 60. The collimator 60 is disposed on a

pl ane normal to ke

-9
-

@ arecess: forc spudderisies Jayarablgonductive
material (40) on a substrate (10, 30) having a

surface topography that includes at least omne
depression (50) having an aspect ratio.of at
least 1:1, comprising sputtering said conductive
material through a collimator (60) having an
aspect ratio of approximately 1:1 or greater
prior to deposition on said substrate.

The process as recited in claim 1 for sputtering
said conductive material (40) through a collimator
{60) onto a insulator layer (30), said conductive
layer (40) having a thickness at the bottom of
said at least some of said plurality of apertures
(50) that is at least 10% of the thickness of

said conductive material on said insulator layer,
said sputtering step being carried out at pres-
sures less than approximately 3-4 mTorr.

The process as recited in claim 1 or 2, wherein
at least some of said apertures have an aspect

ratio of 2:1.

The process as recited in anyone of the claims 1
to 3, wherein said conductive material is a
refractory metal.

The process as trecited in anyone of the claims 1
to 4, wherein said conductive material comprises
titanium.

i
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-6 - it is also paraIIeI to the sputter target 70. The collimtor 60
consists of a adj acent aper- tures formed in a 1 cmthj e

of steel or oth not nelt or def N
sputtering condi i!lﬂ%““"““ m‘mmgnel ow. The apert “reswmg;%fggﬁﬁga
n

honeyconb patter exarpl & of the use gk a col
sputtered material (copper) is given in"a resentatlon by S.M Rossnagel et
al., "Lift-Of Magnetron Sputter Deposition,” Anmerican Vacuum Soci ety 36th

Natitonal  Synposgum @R%t%Qo¥%%% asogggggéd2§h2;n§%%% of Wle dH@NP- 286
to 4, wherein said conductive material comprises
titanium nitride.

7. The process as recited in claim 6, wherein said
sputtering step is carried out in an N2 ambient.

8. The process as recited in claims 1 to 6 used for
forming an integrated circuit structure, com-
prising the steps of:

defining a plurality of apertures (50) in an
insulator layer (30) disposed on an integrated |
circuit -substrate {10), said plurality of
apertures (50) having sidewélls and a bottom, at
least some of said plurality of apertures (50)
having an aspect ratio of approximately 1:1 or

- greater;

depositing a conductive material (40) on said
‘insulating layer (30) and on said sidewalls and
said bottom of said plurality of apertures (50)
therein, said conductive material (40) having a
thickness at said bottom of said at least some of
said plurality of apertures (50) that is at least
10% of -the thickness of said conductive material

on said insulating layer (30),

wherein during said deposition atoms of said
. conductive material (40) pass through a collimztor
(60) to substantially enhance deposition on said
bottom of said plurality of apertures (5S0).

\
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(copper depbsrted on structures -to elrntnate si dewal |

depositions); see also Ro s US Patent 4,824,544. The effect of the
collimator is to ‘ hs of sputtered spec
angl es of |ncrde sﬁrate surface. Speci es||aEIHSIShEETHASHBEEN

near - nor mat’ angl es déposrt at the collinatggg surface, jLor V\nﬁﬁ?‘n‘\t%

collimator apertures. This is shown by lines SA-SE i n“the Fr Q. whi ch
represent the sputter paths of atoms fromtarget 50. Notice that sputter
atoms with pathg SA 1$Ba apltde PrUcEE fidte Qepddifly @Rfsrndiies and

off & hon-normal angfa v a%%érre@ié’ﬁua' °”agsa%§§eathsai+po EREL | ot or
on the surface of an integrated circuit sub-
strate, the improvement comprising disposing a
collimator above the substrate, and carrying out
said process under conditions that reduce gas

scattering.

10. The process as recited in claim 9, wherein said
sputtering process is carried out at a pressure
of less than 1.3 mTorr.

This Sheet Has Been Re;ilaced
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In genéral’,"the result of sputtering though the collimator is to forma
| ayer 40 in which the thick- ness of the portions f the

contact hole is a higher percentage of the thickn ﬁ Wﬁ%@EEUATon t he
upper surface of the passivation |ayer than woul d’ BBPalnedﬁ
without a colli- mator. Also, as will be gsc;ussed in nore detaiT
REPLACEMENT SHEET - 7 - below, the resulting filns exhibit norphol ogy,

contact resistance, and other properties that are superior in some respects
to properties achieved using convenqa g s TRAC T

A sputtering deposition wherein high'aspect ratio
apertures (50) are coated with conductive films (40)
exhibiting low bulk resistivity, low impurity con-
centrations, and regular morphologies. A collimator
(60) is used having an dspect ratio that approximates
the aspect ratio of the apertures (50). The resulting
film thickness at the bottom of the aperture is at
least 2X what can be achieved using conventional

sputtering methods.

_—
T . This Sheet Has Bee
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tiopal; spattering. Finally, note that the material 40B deposited on the
sidewal I s of the contact hole is of fairly uniformthickness; there is no
bui | dup on upper portions of the contact hole sidewalls as there would be
i f deposited using conventional sputtering tech- niques. The results of
vari ous experiments carried out using sputtered titanium titaniumnitride,
and a sputtered Ti/Ti N bilayer stack will now be di scussed below. 1.
Sputtered Titanium Nitride In one group of experinents, a blarnket ‘| ayer of
- titaniumnitride was deposited on silicon dioxide at 150 Cin an N2

anbi ent by sputtering, where the only variable was the use of a collimator.
Profil es of oxygen concentration in the filnms in depth were

1/4
Fog 1
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measur gd-u&i ng el ectron spectroscopy for chem cal analysis (ESCA). The Ti N
sputtered through a colli- mator had a surface oxygen content of
approximately 30% This was due to initial adsorption of anbient oxygen
upon renoval of the sanple fromthe deposition unit. This oxygen percentage
dropped to under 1% w thin the first 1/10 of the Ti N thickness, and, -

remai ned there throughout the rest of the film For Ti N |layers sputtered
without a collimtor, the oxygen content started out at the same 30% but
it declined to approximately 6-8% w thin the sane 1/10 thi ckness that the
Ti N through the collimator dropped to under 1% Mreover, the Ti N w thout
collimated sputtering had on the order of 3-6% oxygen content throughout.

2/4
WAFER SAMPLE GRAIN FILM BULK
SIZE THICKNESS  |RESISTIVITY
{ (NM) o H(NM) (wOHM-CM)

200 mm, I50C.,Ar/N2 | 6-I5 61 866
CENTER
200 mm, 150C Ar/N2 | 4-10 62 306
EDGE :
200mm, 150 Cy N2 ONLY | 7-17 66 1180
CENTER
200mm, 150C., N2 ONLY | 6-10 73 305
EDGE
125 mm, 1I50C.,N2 ONLY | <10 59 124
CENTER COLLIMATED
125 mm, J50C,N2 ONLY | <10 6! 102
EDGE COLLIMATED ,
200 mm, 500C.; Ar/N2 | 5-16 - | 58 560
CENTER )
200 mm,500C.) Ar/N2 | 4-I2 64 205
EDGE
200 mm, 500C., N2 ONLY | 6-15 63 640
CENTER

; 200mm, 500C., N2 ONLY| 5-15 75 180

: EDGE

. 125mm, 450C., N2 ONLY| <10 o 90

! CENTER, COLLIMATED

; L




REPLACEMVENT* SHEET - 8 - These results indicate that the filmdeposited
using collimation is nore dense and | ess porous to post deposition oxygen
contam nation than is the filmdeposited without collinmation. Note that |ow
oxygen content is inportant since it mnimzes the formation of Ti Oxide,
whi ch degrades the electrical resistivity and adhesive properties of the
film This inprovenent was confirnmed i-n another series of experinents in
whi ch bulk resistivities of the collinmated versus non- collimated dep03|ts
were neasured. Fig. 2-presents a table showing the results

3/4
FIG, 3
Ti Thickness  Bottom / Top [%]
40 : :
B 500 C
i1
30 e e ;;Zzum"m"m"m"m,m"mnf ......................
i Collimator 2:1
150 C
10 )] O — eeeemeesresrenseatesssaseenens :r:rwﬂmJ: ................................................
Y Wt
" ~
- 500 C T Collimator 1:1
150 C / ________________________
| uncollimated —_— | 150 C ;_Jn
I _ Ao
5 0 { l l
| 0.5 1 - 1.5 2 2.2

Sputter Pressure [mTorr]



for.axl @yer of Ti N of given thickness fornmed on a 125 or 200 nm di anet er
silicon wafer, at the stated deposition tenperature and anbi ent (equal
anounts argon and nitrogen indicated as "Ar/N2," and alterna- tively a pure
nitrogen anbient indicated as "N2"). The words "center” and "edge" refer to
the vicini.ty of the wafer (the center versus the edge) from which readi ngs
were taken. Whether the wafers are 125 vs 200 nm does not have a bearing on
the results. The results indicate that all else being equal, collimtion
reduces bulk resistivity by at- least 3 tinmes (102 uohns-cm versus 305 for
depositions at 150 Cin N2 with neasurenents taken at the wafer edge;, 124
versus 1180 (al nost 10X less) with neasurenents taken at the wafer center;

and 90 versus 640 (6X |ess) for approximately 500 Cin N2
474

FIG., 4

Deposition Rate [A/sec*kW]

Collimation



only, with nmeasurenments fromthe wafer center). This |large reduction in

bul'k resistivity was greater than could be reasonably accounted for by | ess
oxygen content and is attributed to a nore dense
filtm(i.e., fewer nonconducting voids). In anoti
Ti N was deposited -sputtering techni ques. fgain w
only variable, and the filns were cleaved and anal
m crographs. It was found that in general, the colf+m —Ex
very dense norphol ogy, in the sepse sfclRSE pnrexgoanular v0|d|ng

METHOD OF DEPOSITING CONDUCTORS IN HIGH
ASPECT RATIO APERTURES

The invention relates generally to the interconnection
of integrated circuit structures, and more particularly
to the formation of conductors within high aspect

ratio apertures.

As integrated circuit structures have become more
compact, the need for low resistance metal connections
between these structures has increased. Chemically
vapor deposited (CVD) tungsten, evaporated aluminum
doped with copper or silicon, and titanium or cobalt
silicide have been used receﬁtly in the industry to
provide these interconnections.

It has been found that, in order to preserve the low
resistivity of these metals, it is necessary to
include some sort_of barfier layer between the metal
and the conductive structure to be contacted. These

. barrier layers prevent spiking between the metal and
underlaying structures, while also preventing diffu-
sion of nonconductive species that may penetrate into -
underlaying structures during the.deposition of the
metal. For example, during the deposition of CVD
tungsten, fluorine byproducts of the chemical reduc-
-tion of tungsten hexaflpo;ide may penetrate lower
layers and degrade resiétivity characteristics.
Moreover, when the underlaying structures include ncn-
reactive insulators such as silicon oxide, barrier
layers provide enhanced adhesion between the metal and
the insulator. anally, some barrier layers such as



tha®¥ is ﬁresent In sputtered Ti N without collimation. Nbreover t he f|Im
had a highly columar grain struc- ture. This nore |
play an inportant role in the reduced bul k resista
nor éover, the reduced intergranular voids may redu XY atid§n in
t he f|In1and provi de a nore inpervious bar2ier to T dt DO BVISIR A C )i
by- products of the CVD process. 2. Sputtered Titanium - Simlar results
were achi eved for titani umdeposited usi the collimtor. That is,
colllnatedInteﬁﬂﬁ#ﬂ%%mdhqlporedﬁcglLnt%MgaCbﬁyg@%siﬁpanceybﬁoﬁééﬁtrations,
| over bul k resisgid With, aéﬂd”PéﬁoH:‘ﬂ?' hatDyONOkfdYs ARE! EteRaresiudi es

illustrate the increase in the apoun material at the bottom of the
contact hole <@Guals from exposed 1nterfaces.

One of the layers that has been used recently in the
art is titanium nitride (TiN). Typically, the TiN
barrier layer is formed by reactive sputtering from a
titanium source in a nitrogen~containing ambient or
directly from a titanium nitride source. Examples
-include US Patent 4,783,248, “Method For The Produc-
tion Of A Titanium/Titanium Nitride Double Layer," to
Kohlhase et al. and assigned to Siemens; US Patent
4,822,753, "Method For Making A W/TiN Contaci;" to
Pintchovski et al. and assigned to Motorola; and US
Patent 4,920,073, "“Selective Silicidation Process
Using A Titanium Nitride-Protective Layer," to Wei et
al. and assigned to Texas Instruments.

Conventional sputtering provides satisfactory results
when used on a planar surface. Moreover, it also is
useful when used to coat the sidewalls and bottom of
an aperture {(or via) formed through a passivation or
other insulating layer to an underlaying structure,
where the ratio of the height of the aperture to its
width (hereinafter the "aspect ratio" of the via) is
less than 1:1. However, as the aspect ratio of the via
increases, conventional sputtering does not provide
acceptable results. Specifically, far less material is
deposited at the bottom portions of the via or hole
than at the top, since the walls "shadow" the lower
exposed surface. As a result, deposited material at
thg upper -surfaces increasingly accentuates the
shadowing effect, thereby prematurely closing the
upper section of the structure to be gilled and
preventing effective £ill of the lower section.



Fig:-

t hi ckness of titanium at the upper surface of the|pass

3 is a plot of the thickness of titanium at
hol e having an aspect ratio of approxi mately 2:1,| d4%8

5

=RV = —

agai nst sputter pressure. Note that the thick- neSs éﬁﬁLAeEMENmEHEEﬁt:d

filmat the bottomof the contact hole is.only appripxi mately 5% of thg
t hi ckness of the |ayer at the upper surfaé% “of the
the entire range of sputter pressures studied. -

pel 115

thickness ratignt0CLeagsam® A 199tP¥a in Fig. 5 of US Patent

4,879,709, "Titanium Nitride Film In Contact Hole With
Large Aspect Ratio," to Yokoyama et al. and assigned
to Hitachi. The sputtered titanium nitride is 135 nm
thick on the upper surface of the passivation layer
and only 40 nm thick at the bottom of the contact.
Also, note that portions of the titanium nitride on
the upper surface of the passivation layer extend into
the contact hole to form rounded deposits on the upper
sidewalls of the contact hole. This deposit will tend
to close off the contact hole before it is completely

"filled by either sputtered or CVD deposited conductor

films.

The solution disclosed by Yokoyama et al. is to
deposit the titanium nitride in a plasma CVD reaction.
By its very nature, CVD tends to be more confdrmal,
such that the amount of material at the bottom of the
contact hole will be similar to the amount on the
upper horizontal surfaces. This will also prevent the
formation of the aforementioned rounded deposits.
Unfortunately, the deposition is carried out using
chlorinated titanium species such. as titanium tetra-
chloride. During the titanium reduction reaction,
chlorinated reaction products may be incorporated into
the titanium nitride, substantially reducing the low
contact resistance benefits afforded by titanium
nitride. Further, the omission of a pure Ti layer frcm
fhe structure means that native oxides or other
noncondﬁctive residuals will not be removed from the
bottom of the contact hole.

It is thus an object of the present invention to form
a layer(s) of conductive material within high aspect
ratio epertures.

This Sheet Has Been R,
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i s *used; as the deposition tenperature is raised; and as the aspect ratio
of the collimator is increased. The tenperature H%ET

deposition is carried out plays a great role in flfﬁ??ﬁ“gyﬁgig t
bottom At a collinmator aspect ratio of 1:1, rais Aﬁﬁoﬁﬂﬁlon'
tenperature above [err] to [err] increasesgthe fia

a collimator aspect ratio of 2:1, increasing theg n 150 to
500 C doubles the filmthickness at |ow pressure e
percent age by 1:.0%163 Anartedr é@e SEfCEREr Shive §eWdS not

observed for titanijumsputtere Ihﬁr a cogllnator ea5|8 t he
tenperature di PHIETH W?ﬁ??+§ Fhi ERA Erﬁylﬁﬁe bg t BAPBFCT he
contact hol e byumuﬁgy;Hhmaauhnmrpeyceonceﬁtsatlbhss hhghogetteriag not

properties, and regular surface morphology, without
introducing reactive products that may substantially
degrade these properties.

It is yet another object of the invention to form such
a barrier layer material by a process that enhances
the amount of material at the bottom of a high aspect
ratio aperture without introducing reactive byproducts
that may substantially degrade contact resistance and
other properties of the deposited material or of
underlying layers or structures.

The above and other objects of the present invention
are realized by depositing conductive materials by
- - sputtering through a collimator. The collimator’

enhances the amount of material deposited at the
bottom of the aperture relative to the amount on the
upper surface of the insulator. Moreover, the re-
sulting material provides good resistivity and other

_ properties without introducing reaction products that
could degrade these properties.

The foregoing and other structures and teachings of
the present invention will become more apparent upon
review of the description of the best mode for carrying
‘out the invention as rendered below. In the description
to follow, reference will be made to the accompanying
Drawing, in which:

-
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observed for uncollimted titaniumnitride; again, carrying out TiN
gep05|t|?n at higher tenperatures did not increase f|In1th|c.--_"_.~—lhe
ottom of the contact hole by nore than a few perc ' gHBHW:
rePatlonshlp bet ween increasing the aspect ratio of *gFﬁFﬁgtor ang
I ncreasing the fraction of deposited mategial at thg
holes with respect to the top. Oritting the variati Yy ﬁr ----- re
(that is, considering only the 150 C depositions show T Flg 3), and con-
sidering the $diga 4t a siputd errgessseceliofal wiew s, amotrtegratede
percentage is around 4% %QE I @éﬁ, y&% col | i mat or
at a 1:1 aspect rati o, ég;cl f%%v%ﬁg éﬁgaé%g?lgr ¢ eéﬂz:iasiggf rati o,
which is four tines gredhs inventien formed thereon, dePOSltlon '

through a collimator;

Fig. 2 is a table of the bulk resistivities of
layers of titanium nitride formed in ac-
cordance with the teachings of the iﬁ-
vention;

Fig. 3 is a graph of titanium thickness at the
bottom of a high aspect ratio via versus
sputtér pressure in accordance with the
teachings of the invention; and

Fig. 4 is a bar chart-of titanium deposition rate
as a function of collimation aspect ratio.

With reference to Fig. 1, a.substrate 10 is shown
having an diffusion region 20 formed thereon, wherein
the conductor.of the invention 40 is deposited through
an aperture 50 in passivation 30. Passivation 1aYer 30
of borophosphosilicaté glass (BPSG) or phosphosilicate”
glass (PSG) is deposited at thickness H of dpproximately
11K angstroms. A contact hole 50 is formed through the
BPSG or PSG 30 to expose the diffusion region 20. The
width W of the contact hole 50 is approximately 5000
angstroms, such that the aspect ratio H:W of the
‘diffusion contact is on the order of 2:1.

In the invention, layer 40 is formed by reactive
sputtering from a sputter target 70 through a colli-
mator 60. The collimator 60 is disposed on a plane
normal to the plane of the contact holes. Preferably,



non-collimted case. Simlar results are expected for tltanlun1n|tr|de
since the sputtered titani umbehaves simlarly 'HE : ‘
-11 - The inventors have found that this incregse
thé amount of material deposited in unit time By,ro qqﬁl
factor. As shown in Fig. 4, the depositTo®d Tatg -ebLBase
1:1 collimator is used, and decreases by a factor of

collimator to 2:1 collimtor. Wth reference to Fig as the aspect

ratio of the éd:l Hisrdtlsic iRpraklel te h@%e?ﬁ‘éﬁ?%ﬁet'ﬁgéﬁbu??er

collimator 60 consists of a series of adjacent aper-

tures formed in a 1 cm thick plate of steel or other
material that will not melt or deform under the
sputtering ¢onditions discussed below. The apertures
are arranged in a'honeycomb pattern. An example of the
use of a collimator to deposit sputtered material
(copper) is given in a presentation by S.M. Rossnagel
et al., "Lift-Off Magnetron Sputter Deposition,"
American Vacuum Society 36th National Symposium,
Boston Mass., October 23-27 1989, Final Program p. 286
(copper deposited on 11ft—off structures to eliminate
sidewall deposxtlons), see also Rossnagel's Us Patent
4,824,544. '

The effect of the colllmator is to restrict the paths
of sputtered spe01es to near-normal angles of incidence

" - at the substrate surface. Species at other than
near-normal angles deposit at the collimator surface,
or within the collimator apertures. This is shown by
lines SA-SE in the Fig. 1, which represent the sputter
paths of atoms from target 50. Notice that sputter
atoms with paths SA, SB, and SE pass through the
colllmator apertures and are deposited on the sub-
strate. Atoms along paths SC and SD, which vary off a
non-normal angle of incidence, are not passed through
the collimator.

'In general, the result of sputtering though the
collimator is to form a layer 40 in which the thick-
ness of the portions 40C at the bottom of the contac:
hole is a higher percentage of the thickness of
portions 40A on the upper surface of the passivation
layer than would have been obtained without a colli-

mator. Also, as will be discussed in more detail



that follow a path SCwill increase, such that |less atons are avail able for

deposit. At the sanme tinme, the atoms that do make it i he-atei—the—colt=Fmat or
mnhl be on a | ower angle of incidence relative to the REPDECEMENTSHEERt fict
hol*e. I'n other words, the percentage of atons followjng patﬂ A B
SE wi Il increase, thus increasing the pereentage of qtDa® gl gghgﬂpt to
the bottom of the contact hole. The inventors al so fJ"""—‘ ------- e -.sed

fractional deposit did not follow for contact holes having | ower aspect

ratios. A 2:1 pghbi/Taihe %th'd@rcﬁm endEnEad nfdigﬂid]ﬁ:gqv,ercohitadbesul ts
achi eved using a 1.1 colIi mator | ow_aspect o feat , the
i nventors postEF§ﬂ§tﬁﬂSF'tﬁ8 | BLORf éﬁﬁgéﬁﬁﬁﬂﬁé |on ra es and

i ncreased depOSbmeateBbechsttonpmbpénties achieved using conven-
tional sputtering. Finally, note that the material 40B
deposited on the sidewalls of the contact hole is of
fairly uniform thickness; there is no buildup on upper
portions of the contact hole sidewalls as there would
be if deposited using conventional sputtering tech-
niques. '

The results of various experiments carried out using
‘sputtered titanium, titanium nitride, and a sputtered
Ti/TiN bilayer stack will now be discussed below.

1. Sputtered Titanium Nitride

In one group of experiments, a blanket”lafer of
- t1tan1um nitride was deposited on silicon dioxide at

150 C 1n an N2 ambient by sputtering, where the only
variable was the use of a collimator. Profiles of
_oxygen concentration in the films in depth were
measured using electron spectroscopy fof chemical
-analysis (ESCA). The TiN sputtered through a colli-
mator had a surface oxygen content of approximately
30%. This was due to initial adsorption of ambilent
oxygen upon removal of the sample from the deposition
unit. This oxygen percentage dropped to under 1%
within the first 1/10 of the TiN thickness, and

| remained there throughout the rest of the film. For
TiN layers sputtered without a collimator, the oxygen
content started out at the same 30%, but it declined
to approximately 6-8% within the same 1/10 thickness
that the TiN through the collimator dropped to under
1%. Moreover, the TiN without collimated sputtering
had on the order of 3-6% oxygen content throughout.



contact hole is provided where the aspect ratio of the collimator

is no greater than the aspect ratio of the contact holes. |lncr

apertures
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resistancé of TiSi2 silicided el ectrodes. A collinmat
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ultimate silicide resistance is conpared to t he non4ic
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resi stance decrease/stabilization increased with the aspect ratio ) of the

aperture. 3qheke! besed +§ A HdicRitka¥fht the film deposited using
collimation is more dense and less porous to post
deposition oxygen contamination than is the £ilm
deposited without collimation. Note that low oxygen
content is important since it minimizes the formation
of Ti Oxide, which degrades the electrical resistivity

and adhesive properties of the film.

This improvement was confirmed in another series of

. experiments in which bulk resistivities of the
collimated versus non- collimated deposits were

measured: Fig. 2 presents a table showing the results

for a layer of TiN of given thickness formed on

a 125

or 200 mm diameter silicon wafer, at the stated '
deposition temperature and ambient (equal amounts
argon and nitrogen indicated as "Ar/N2," and alterna-

tively a pure nitrogen ambient indicated as "N2"
- words "center" and "egge" refer to the vicinity

). The
of the

wafer (the center versus the edge) from which readings
were taken. Whether the wafers are 125 vs 200 mm does
not have a bearing on the results. The results indicate
that all else being equal, collimation reduces bulk
resistivity by at least 3 times (102 uohms-cm versus
305 for depositions at 150 C in N2 with measurements

taken at the wafer edge; 124 versus 1180 (almost

10X

less) with measurements taken at the wafer center; and
90 versus 640 {(6X less) for approximately 500 C in N2

only, with measurements from the wafer center).

This

'1arge reduction in bulk resistivity was greater than

could be reasonably accounted for by less oxygen

content and is attributed to a more dense micro-

structure of the film (i.e., fewer nonconducting

voids).



The Tesults di scussed above for Ti and Ti N singularly appear to provide a
synergi stic effect in conbination. Experinents were carried out in which
600 .angstronms of Ti and 400 angstrons of Ti N were sgeeessively sputtered

t hrough contact hol es having 2:1 aspect ratios and nrﬁﬁmjmmﬁWéﬂﬂﬁh
Ié%c th

separate n and p diffusion regions. The cem®aet holg was,t

bl anket CVD tungsten, tungsten studs were fornmed b ih&n r|z I on
processes and the filled contacts were interconnectet—by=a vvrlng
| evel . For non- cbnlathherTgraupJofhexnenmmemhsadrlmeuaStéapesmasd7by

ohms/ contact forg ?ﬁ%&éfiﬁ&“&é&ﬂni?@é ﬁ§?£iﬁm%££ﬁ'c6ffim£€iohhﬁefﬁg contact.

For collimated Ti/J Ti N,_the contac ance was approxi mately
ohm contact for ¥ReHonk YaYﬂrﬁb%%nt%’é@sth%g%}#‘ss‘fﬁﬁ?e‘ﬂ-ﬂﬁv?ﬁréﬂéh a

analyzed from SEM micrographs. It was found that in
general, the collimated TiN exhibits a very dense
morphology, in the sense of less intergranular voiding
than is present in sputtered TiN without collimation.
Moreover, the f£ilm had a highly columnar grain struc-
ture. This more dense morphology may play an important
role in the reduced bulk resistance noted above;
moreover, the reduced intergranular voids may reduce
oxygen penet;ation,in the film and provide a more
impervious barrier to penetration by reactive by-
products of the CVD process. .

2. Sputtered Titanium

" - Similar results were achieved for titanium deposited
using the collimator. That is, collimated titanium
tended to exhibit lower oxygen impurity concentrations,
lower bulk resistivity, and more regular morphology.

Additional studies illustrate the increase in the
amount of matérial at the bottom of the contact hole.
Fig. 3 is a plot of the thickness of titanium at the
bottom of a contact hole having an aspect ratio of
approximately 2:1, as a percentage of the thickness of
titanium at the upper surface of the passivation
layer, against sputter pressure. Note that the thick-
ness of the uncollimated film at the bottom of the
contact hole is only approximately 5% of the thickness
of the layer at the upper surface of the passivation
layer, over the entire range of sputter pressures
studied. '



col+ihator'greatly reduces contact resistance when conpared to
non-col | i mated depositions. W attribute this reduct ' Ot ecCt )
BERLACRMEY

resi stance to a reaction of the additional titaniumjdepo

T SHEEThipt t om

of the contact. In addition, the nore dense nature fD&he fﬁ'AU THN
barrier filmprevents fluorine penetrati enidnder an Aot ranTy ur j{ ng
t he CVD tungsten deposition process. Having discussed the various
experinmental results achieved using collimted sputtering, we will now

di scuss the specNétestbatt hbesphicknesg pabitesincresses aseagesdddmabcatess
is simlar to C9f¥eﬂéé8?agssgﬁétﬁébEQ%EEBQOQéﬂgérgﬂﬁfguispkﬁigadpf g | nert
t hat” bonbards t 0

atom such as Argon IS create

cat

atoms that are dePotheeaspacthgatio of the collimator is increased.

The temperature at which titanium deposition is
carried out plays a great role in film thickness at
the bottom. At a collimator aspect ratio of 1:1,
raising the deposition temperature above 150°¢ to
500°C increases the fractional deposit by 7%. At a
collimator aspect ratio of 251, increasing the temper-
ature from 150 to 500 C doubles the film thickness at
low pressures, and increases the percentage by 10% at
higher sputter pressures. This phenomentén was not

' observed for titanium sputtered without a collimator;

increasing the temperature did not increase the film
thickness at the bottom of the contact hole by more
than a few percent. Also; this phenomenon was not
observed for uncollimated titanium nitride; again,
carrying out TiN deposition at higher temperatures did
not increase film thickness at the bottom of-the !
contact hole by more than a few percent.

There is a direct relationship between increasing the
aspect ratio of the collimator and increasing the
fraction of deposited material at the bottom of the
contact holes with respect to the top. Omitting the
variations due to temperature (that is, considering
only the 150 C depositions shown in Fig. 3), and con-
sidering the data at a sputter pressure of 0.9 mTorr,
note that the percentage is around 4% for the un-
collimated case, 11% for the collimator at a 1:1
aspect ratio, and 17% for the collimator at a 2:1-
aspect ratio, which is four Eimes greater than the
non-collimated case. Similar results are expected for
titanium nitride since the sputtered titanium behaves
similarly in N2 or N2/AR ambient.

e"target, dislodging



el ectrical ly decoupled substrate. In the case of fectaniumnitri bet t er

process control is achieved 13 by elimnating g Sthem and
using N2 gas as both the bonbardnment source and tjhe reconbl namt™"<{egi e t hat
reacts Wththetitmﬂumaumstoforma.ﬂtamuiih@mﬁﬁmpnu Pl asma

(morklng) gas atons (e.g. Ar) scatter sputlilered ators=—psi e (R nocki ng

them"off-line" after the sputtered atons pass through the—col
Therefore, it is inportant that |ow working gas pressures (less than 1.0
ntorr) are usedTheedAn¥epsonsi hgvehfougid £hat this increase in aspect

ratio decreases the amount of material deposited in
unit time by roughly the same 4X factor. As shown in
Fig. 4, the debosition rate decreases markedly when a
1:1 collimator is used, and decreases by a factor of
four from a 1:1 collimator to a 2:1 collimator. With
reference to Fig. 1, as the aspect ratio of the
collimator increases, the percentage of sputter atoms
that follow a path SC will increase, such that less
atoms are available for deposit. At the same time, the
atoms that do make it through the collimator will be
on a lower angle of incidenge relative to the plane of -
the contact hole. In other Qords, the percentage of
atoms following paths such as SB, SE will increase;
thus increasihg the percentage of atoms that make it
to the bottom of the contact. hole.

- - The inventors also found that the increased fractional
deposit did not follow for contact holes having lower
aspect ratios. A 2:1 collimator did not provide enhanced
results over the results achieved using a 1:1 collimator
for low aspect ratip features. Thus, the inventors
postulate that the optimal tradeoff between deposition
réteé and increased deposit at the bottom of the '
contact hole is provided where the aspect ratio of the
collimator apertures is no greater than the aspect
ratio of the contact holes. -

" Increased Ti at the bottom of high aspect ratio
apertures has also been found to reduce the resistance
of TiSi2 silicided electrodes. A collimated deposit
{aspect ratio of 1.5:1) of titanium in a 0.8um deeﬁ
aperture greatly reduced ultimate silicide resistance
is compared to the non-collimated case. The resistance
decrease/stabilization increased with the aspect ratio

of the aperture.



coltimator in order to | essen scattering. Wrking gas conposition also
affects scattering. Argon atons tend to cause greater deflection of
sputtered atons than would a |lighter working gas sugh_as_nitrogen. Pure

nitrogen is the preferred working gas to deposit Ti COr 1
QTP EMENI SRR

The use of pure nitrogen assures that, euepzat the
with collimation, sufficient nitrogen is present to Eﬂ&ﬂﬂT&N. The trad
here is that the lighter N2 atons are not as effi cilegt LA ¥ ) -

titani um atons f3porepiletepedt i /FeNr 8@lageeh that the cat hode po
be increased from3-6 kWfor the usual argon anmbient to 6-9_kWof the N2
anbi ent. These experiences with Ti N deposition |lead to several concl usions
as to how to m e zeesabtscdisenssgd 6bhove for Ti and TiN singularly

appear to provide a synergistic effect in combination.
Experiments were carried out in which 600 angstroms of
Ti and 400 angstroms of TiN were successively sputtered
through contact holes having 2:1 aspect ratios and
greater, to contact separate n and p diffusion regions.
The contact hole was then filled with blanket CVD
tungsten, tungsten studs were formed by standard
planarization processes and the filled contacts were

- interconnected by an aluminum wiring:level. For
non-collimated Ti/TiN, the mean contact resistance was
71 ohms/contact for the N+ contact, and 138 ohms/con-
tact for the P+ contact. For collimated Ti/TiN, the
contact resistance was approximately 1 ohm/contact for
both N+ and P+ contacts. Again, sputtering through a

- collimator greatly reduces contact resistance when
compared to non-collimated depositions. We attribute
this reduction in contact resistance to a reaction of
the additional titanium deposited at the bottom of the
contact. In addition, the more dense nature of the
colliméted TiN barrier film prevents fluorine penetration
under and into titanium during the CVD tungsten

deposition process.

Having discussed the various experimental results
achieved using collimated sputtering, we will now
discuss the specifics of the sputtering process
itself. The general process is similar to conventional
sputtering methods. A gaseous plasma of an inert atom
such as Argon is created that bombards the cathode
target, dislodging atoms that are deposited on the

? ' electrically decoupled substrate. In the case of
titanium nitride, better process control is achieved



conclusion’is to use lighter inert atoms even when sputtering titani um
Anot her conclusion is to use | ower sputter pressures .(less than the
conyentional 3-4 mlorr; in the general range of less t =0
even if argon is used as the inert sputtering specie. || REPLAGEMERXAWRHE !
Havi ng generally discussed various aspectsy9f_the inveg tlonIBaAg e@ma f
Exanple wll now be discussed with reference to filli Deige-.cont-ac QJel
shown in Fig. 1. The diffusion region 20 and passivati on Iayer —So—arer=":

defined and depasy t&rimPnd€i K@ YEGHbH OFAbm the system, and using N2 gas
as both the bombardment source and the recombinant
specie that reacts with the titanium atoms to form a

titanium nitride deposit.

Plasma (working) gas atoms (e.g. Ar) scatter sputtered
atoms, potentially knocking them “off~line" after the
sputtered atoms pass through the collimator. Thereéfore,
it is important that low working gas pressures {less
than 1.0 mtorr) are used when depositing through a
collimator in order to lessen scattering. Working gas
composition also affects scattering. Argon atoms. tend
to cause greater deflection of sputtered atoms than
would a lighter working gas such as nitrogen. Pure
nitrogen is the preferred working gas to deposit TiN
using a collimator. The use of pure nitrogen assures
that, even at the low pressures rquired with collimation,
" - sufficient nitrogen is present to form TiN. The
tradeoff here is that the lighter N2 atoms are not as
efficient in dislodging titanium atoms from the
sputter source, such that the cathode power has to be
increased from 3-6 kW for the usual argon ambient to
6-9 kW of the N2 ambient.

These experiences with TiN deposition lead to several
conclusions as to how to minimize gas scattering. One
conclusion is to use lighter inert atoms even when
sputtering titanium. Another conclusion is to use

lower sputter pressures (less'than the conventional

3-4 mTorr; in the'general range of less than - 1.0 mTorr),
even if argon is used as the inert sputtering specie.



t echni.ques.. Then a photoresist mask is defined on the passivation |ayer 30
to define the contact hole 50, and the contact hollF re
reactive ionh techniques in a anbient CF4 + 02. Not ENPISpiERreyi st
mask is fairly thick, such that the inmage will stif [
of the etch process. Then 600 angstrons of 14 t.ani ¢
TiN are sputter deposited through a 1:1 col }limator, ;
pressure. During the titanium deposition the substrat e tenperature S

mai nt ai ned at 458XEMPAEd argon is used as the inert bonmbardnent atom
During the Ti N deposition, the anbient is changed to N2. The resulting -
conposite filmhas portion 40C that is on the order of 260 angstrons (or
roughly 25% of Hawingi generaldy ddscussed/@aribuuscaspectshofsitiienal

invention, a specific Example will now be discussed
with reference to £illing the contact hole shown in
Fig. 1. The diffusion region 20 and passivation layer
30 are defined and deposited using conventional
techniques. Then a phototesist mask is defined on the
_ passivation layer 30 to define the contact hole 50,
and the contact hole is etched using reactive ion
technigques in a ambient CF4 + 02. Note that the
photoresist mask is fairly thick, such that the image
will still be in place at the end of the etch process.

Then 600 angstroms of titanium and 400 angstroms of
TiN are sputter deposited through a 1:1 collimator, at
0.7-1.0 mTorr pressure. During the titanium dep051t10n
the substrate temperature is maintained at 450° C, and
argon is used as the inert bombardment atom. During
the TiN deposition, the ambient is changed to N2. The
resulting composite film has portion 40C that is on
the order of 260 angstroms (or roughly 25%) of the
thickness of portions 40A. Moreover, the sidewall
portions 40B of the composite £ilm have substantially
uniform thickness along the entire contact hole
sidewall, enhancing adhesion of subsequently-applied
films. As previously discussed, the resulting film
presents low bulk resistivity, low contact resistance,

" low oxygen concentration, and enhanced surface morphology
as compared to similar films deposited without collimation.
Also, the collimated TiN provides an improved barrier
to fluorine penetration of the underlying films at the
bottom of the contact hole. Eluorine contamination of
underlying titanium films and silicides is known tc



portions 40B of the conposite filmhave substantially uniformthickness
along the entire contact hole sidewall, enhanci nfj=ag]

‘subsequent |l y-applied filnms. As previously discusg il m
presents |ow bulk resistivity, |ow contact resistja
concentration, and enhanced surface norphojggy ag Lar filns

b b, . A
deposi ted mﬁthout collimation. Also, the collimteéed -provi des an
i nproved barrier to fluorine penetration of the underlying filnms at the

bottom of the CCHH@sEé i Rur &I @ra rk@mﬁsetaa‘fnﬂéeﬁﬂnﬂémgnﬂﬁéiudwtléggl um
films and 5|I|C|q? i.s known to
adhesion of CVD tungsten and high contact resis-
tance. For some applications, the fluorine barrier
properties of the layers can be further enhanced by
carrying out an anneal step at 500-600°C in a N2
ambient to complete the conversion of any remaining Ti

sidewall components to Ti nitride.

It is to be understood that wvarious modifications can
be made to the structures and teachings discussed
above without departing from the spirit and scope of

- the invention. For example, while-the invention has =~ .
been discussed with reference to titanium and titanium
‘nitride, it can be utilized in conjunction with any
other sputtered, reactively sputtered or evaporated
barrier material such as-chromium, tungsten and TiWw,
as well as with materials such as tungsten and alumi-

- num that would be used to fill such high aspect ratio
apertures. Moreover, while the invention has been
"illustrated with reference to a particular contact
embodiment, it can be applied to a broad range of
appliéations in which high aspect ratio apertures are

 to bé coated or filled. Finally, the specific times,

E ' temperatures preéssures, ambients, etec. discussed can

| be optimized for a given application.



cquse failure by a-nunber of mechani sns i ncteeinag _adhesi on of CVD

tungsten and_hi rs= tance. For the fluorine
barrier properties of th s .can be‘fur rying out an
anneal step atuwull m \ ient to co sl ligomyar si g of any
remaining Ti s to Ti ntIeoe ms—toola udder st ood t hat
vari ous modifications can be made to the structur t eachi ngs di"scussed
above without departing fromthe spirit and scop For
exanpl e, while the invention has been @ikAkEd § ?’Hé @ﬁé?g ‘23 EEN It ani um
and titaniumnitride, it can be utilized in conjuxet 5 = t her

sputtered, reactively sputtered or evaporated barrler materi al such as
chromium tungstkn arft Pogess for sputtering a layer of conductive

material (40) on a substrate (10, 30) having a
surface tbpography that includes at least one
depression (50) having an aspect ratio of at
least 1:1, comprising sputtering said conductive
material through a collimator (60) having an
aspect ratio of approximately 1:1 or greater
prior to deposition on said substrate.

2. The process as recited 1nnc1a1m 1 for sputtering

said conductlve material (40) through a collimator
(60) onto a insulator layer (30), said conductive
layer (40) having a thickness at the bottom of
said at least some of said plurality of apertures
(50) that is at least 10% of the thickness of

- said conductive material on said insulator layer,

said sputtering step being carried out at pres-

sures less than approximately 3-4 mTorr.

3. The process as recited in claim 1 or 2, wherein
at least some of said apertures have an aspect
ratio of 2:1. : '

4. The process as recited in anyone of the claims 1
to 3, wherein said conductive material is a
refractory metal.

5. The process as recited in anyone of the claims 1
to 4, wherein said conductive material comprises
titanium.

This Sheet Has Been Replaced
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as well as m{;Q;EQLe%réTE//// as t ungst en SEme
used to fill C ti o apert urjpSiErMOREBH NN

i nvention has tm W ed*with referen O G 1oL ar ficont act

efrbodi nent, it ied to a broad ra f--appi-t-catirong i n which

hi gh aspect rati o apertures are to be cogne- oI5 y, the
specific times, tenperatures pressures, a D gHEgtHA&ﬁﬁﬁﬁlsed can be
optim zed for a given application. CLAI for
sputtering a barri eMheayproceisalasureritedp nsiamgrcmer (351 aﬂi@rqlanﬁhall'or
refractory metal albay 4f ' O33R sa%h EBhAGEL 1V na¥UaAGh OhGSe{I8YLng side

and

titanium nitride.

7. The process as recited in claim 6, wherein said
sputtering step is carried out in an N2 ambient.

8. The process as recited in claims 1 to 6 used for
forming an integrated circuit structure, com-
prising the steps of:

defining a plurallty of apertures (50) in-an
insulator 1ayer (30) disposed on an integrated
circuit substrate (10), said plurality of
apertures {50) having sidewalls and a bottom, at
least some of said plurallty of apertures (50)
hav;ng an aspect ratio of approximately 1:1 or

- greéter; i
depositing a ponduéiive material (40) on said
insulating layer {30) and on said sidewalls and
said bottom of said plurality  of aperturés (50)
therein, said cohductive material (40) having a
thickness.at'said bottom of said at least some of
said plurality of apertures (50) that is at least
10% of -the thickness of said conductive material
on said insulating layer (30), '

wherein during said deposition atoms of said
conductive material (40) pass through a collimator
(60) to substantially enhance deposition on said
bottom of said plurality of apertures (50).

f””"f”#’;’~’d*’ﬂ
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bottom surfaces defined in an insulator arranged on |
substrate, at |east sone of the contact hol es haVr:!H

order of 2:1, the i mmﬁmlltmuml ng di sposif T tneel
said sputter targetng sai d coII _ snyx;n Trom
the substrate, said céllfnator™ hdving at jgast Il ' ;
ratio of at least 1:1, and sputtering said refr A=t ]
metal alloy at a pressure between approxinmately 0.7

[) ef ract or yf nmet &@. ]gr Irfaaspaotyepbhgl pabtegsbebngdépostting c?xﬁud:ef and
P conean hroei o oPkve PRLRE WhPheR, §9dn 808y a8l ABbERRR M [0

recited in claim1, ohetkeénsunfdceecbfasnointegratedscipouitr subat a
pressure of less thagely QefaFﬁ lﬁprov&tﬂén{?rBﬁlﬁﬁfléin{';e&%&ﬁgshﬁ lhai m 2,

wherein said refractory ne rrses titan rocéss as
recited in claim 2,© b%@¢ﬁ°§a§9°véfFB@t%F?Sﬁﬁﬁﬁ?raFP@yCéERHRP§é9uF|tanlum

- nitride. said process under conditions that reduce gas

factory

scattering.

10. The process as recited in claim 9, wherein said
sputtering process is carried out at a pressure
of less than 1.3 mTorr.

his Sheet Has Been Refilaced
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5, The process as recited in claim4, wherein said deposition is carried
out in an N2 anbtent. 6. In a sputtering process for.depositing a
refractory metal or refractory netal alloy |ayer T UHId;bguttUT arget onto
-a’substrate having. at .| east some depressions t BFELACEMEN tiirati os on
the order of 2:1, each of said depressions ha @g b_dtﬁcAHGaﬂmﬁsi_d sur f aces,
t he i nprovenent -conprisihg disposing a colli mbermeenmtthsp tter
target and the substrate, said collimtdP-bei ng spaced from the substrate,
and sputtering said refractory nmetal or refractory netal alloy |ayer at a
pressure between approximately 0.7 mlforr and 3 nTorr and at a substrate

tenperature of apprO)ﬁ{{@ﬁ?ﬁﬁm OB DEPGIITING CONBIUGTORSINMIGH or refractory
nmetal alloy |layér being formed on said side and bottom surfaces of said

depressi ons and having a substagilat oy e ABERTURIERNess at said side’

surfaces of said depressions.

(95 +)

ABSTRACT

A sputtering deposition wherein high aspect ratio
apertures (50) are coated with conductive films (40)
exhibiting low bulk resistivity, low impurity con-
centrations, and regular morphologies. A collimator
(60) is used having an aspect ratio that apprdkimaﬁés
the aspect rat16 of the apertures (50). The resulting
film thickness at the bottom of the aperture is at
least 2X what can be achieved using conventional
sputtering methods. '

Fig. 1



conprising the steps of: sputtering a | ayer of titanium ontjp the
through a collimator having 1:1 aspect ratj o openings therd] Rt
col li mator being spaced fromthe substrate, said | ayer of tvtar bei ng
sputtered at a pressure between 0.7 mlorr and 3 nforr; sputtering a |ayer
-of titanium nit ThideproBleth SR ilthstrakd inHig! 5t FNUSNPIé U1810,509 d " Piddih PN RFide
sai d second sputtering step being carrifed out in a working gas consisting
essenti al | yFiliin I Cohtast Blots Witle LaegevBspecd Ratio)l'oto’ Yokelyasan@ioal. ;and adssighed e S
of titaniumand titaniumnitride being formed on said sides and bottom of
sai d aper t uHétachind Thevipntferzd stitesinem niteidé ys U35 fme rthickionk thesuppen surfack of dbhs
of said aperture; and annealing said |ayers of titaniumand titanium
nitride in BassivatienayentandoonipdPcnm thickaati thenbeHomaefithsi epatacst Alspd nafsethatir e

to titaniumnitride. 8. The Pr,gcess as recited in.claim?7, erein sajd
pressure i sPHEHODY pg theotitapiyugy, nitride on the upper surface of the passivation layer extend into

the contact hole to form rounded deposits on the upper sidewalls of the contact hole.
This deposit will tend to close off the contact hole before it is complt;tely filled by either
sputtered or CVD deposited conductor films.

This solution disclosed by Yokoyama et al. is to depésit the titanium nitride in a
plasma CVD reaction. By its very nature, CVD tends to be more conformal, such that
the amount of material at the bottom 6f the contact hole will be similar to the amount on
the upper horizontal surfaces. This will also prevent the formation of the
aforementioned ré)unded deposits. Unfortunately, the deposition is carried out using
chlorinated titanium' species such as titanjum tetra-chloride. During the titanium
reduction reaction, chlorinated reaction products may be incorporated into the titanium
nitride, substantially reducing the low contact resistance benefits afforded by titanium
nitride. Further, the omission of a pure Ti layer from the structure means that native
oxides or othér nonconductive residuals will not be removed from the bottom of the |
contact hole.

According to one aspect of the present invention there is disclosed in a process for
sputtering a barrier layer metallurgy comprising a refractory metal or refractory metal
alloy from a sputter target into contact holes having side and bottom surfaces defined in
an iﬁsulator arranged on a semiconductor substrate, at least some of the contact holes
having an aspect ratio on the order of 2:1, the improvement comprising disposing a
collimator between said sputter target and the substrate, said collimator being spaced
from fhe substrate, said collimator having at least some openings with an aspect ratio of
at least 1:1, and sputtering said refractory metal or refractory metal alloy at a pressure

between approximately 0.7 mTorr and 3 mTorr, said refractory metal or refractory metal



appsoxi mately 1 niforr. 9. A process for sputtering a |lay i REPLACERENYISHEET
nitride onto a substrate having at | east one depression ha lieng Si qe%e‘qg\{ 1%97
bottom surfaces, said at | east one depression havi ng an asppepaierat.i.Q..on..Lhe...
order of 2:1, conprising the steps of formng said at |east=ecne=d :
on said substrate, and sputtering said layér of titaniumnitride onto the
substrate through a collimator spaced fromthe substrate, said sputtering
step being c ' as i Bt . Lo

orr, and %y Gelpg it B BAAIAK Fnd BOLGE Ryt Bt s Glntact ndiel F a0HE

titant um ni ¢ gdnitahenif ORI s Shiicaldt AR LM HERACES of Said

at | east one depression, sal titaniumnitride being deposited at
a substantially Agidr@ing td)iaabihes aspett S6f heS betReiU ifvefiidn Ghersaisd ditlob®PSh a
one depression.

sputtering process for depositing a refractory metal or refractory metal alloy layer from a

sputter target onto a substrate having at least some depressions therein with aspect ratios
on the order of 2:1, each of said depressions having bottom and_ side surfaces, the
improvement comprising disi)osing a collimator between the sputter target and the
substrate, said collimator being spaced from the substrate, and sputtering said refractory
metal or refractory metal alloy layer at a pressure between approximately 0.7 mTorr and
3 mTorr and at a substrate temperature of approximately 150° C., said refractory metal
or refractory metal alloy layer being formed on said side and bottom surfaces of said
depressions and having a substantially uniform thickness at said side surfaces of said
depressions.

According to yet another aspect of the invention there is disclosed a process for
forming a Ti/TiN barrier layer within a 2:1 aspect ratio aperture formed within a
passivation layer arranged on a substrate, comprising the steps of:

sputtering a layer of titanium onto the substrate through a collimator having 1:1 _
aspect ratio oiienings therein, said collimator being spaced from the substrate, said layer

| of titanium being sputtered at a pressure between 0.7 mTorr and 3 mTorr;

sputtering a layer of titanium nitride onto said layer of titanium through said
collimator said second sputtering step being carried out in a working gas consisting
ess_e;ntially of N, and a pressure between 0.7 mTorr and 3 ﬁlTorr;

said layers of titaniuin and titanium nitride being formed on said sides and bottom
of said aperture, and having a substantially uniform thickness on said sides of said
aperture; and |

annealing said layers of titanium and titanium nitride in an N, ambient to convert

titanium on said sides of said aperture to titanium nitride.



10. :The process as recited in claim9, wherein said pressureats; ROEMENTSHEET |
than approximately 1 mlorr. 11. The process as recited in : '
said substrate is heated to approximately [err] C. during SpidiSputlerin

step. 12. The process as recited in claim®6, wherein said oA
process i-s carried out at a pressure of |e48 than 1.0 niforr. 13. In a
process for sputtering a barrier layer netallurgy conprising a refractory
nmetal or refractory netal alloy froma sputter target into contact holes
havi ng si de and bottom surfaces defined in an insulator arranged on a

semi conduct or SURSLGrgl 1o SAtkne Oedd! of B SRALACHBALGS thAY 9 %i&loseq 2

aspect ratio on 't 0 the" I nprovenent conprising di sposing a

col | i mat or bedoaseob aptériyl hAhydrob Btanfith dittile SoS W AibRiraeahdvisy bt 1¢58E Bhe

bei_ng spaced fromthe substrate, said collimtor having at |east sone
openi ngs wi tdepaéssivdiawing ddé andboteim Iseades,1sald arleast Dne idepression Baviflg an aspect
refractory nmetal or refractory netal alloy, said refractory netal or
refractory nuatialonahe oyddreif 29l ,f comprisingnths ateps of de and bott om surf aces of

said contact holes and having a substantially uniformthickness at said
forming said at least one depression on said substrate, and

sputtering said layer of titanium nitride onto the substrate through a collimator
spaced from the substrate, said spﬁttering step being carried out at a pressure between -
approximately 0.7 mTorr and 3 mTorr, and in a working gas consisting essentially of
Ny;

said layer of titanium nitride being deposited on said side and bottom surfaces of
said at least one depression, said layer of titanium nitride being deposited at a
substantially uniform thickness on said side surfaces of said at least one depression.

According to yet another aspect of the invention where is disclosed in a process for
sputtering a barrier layer metallurgy comprising a refractory metal or refractory metal
alloy from a sputter target into contact holes having side and bottom surfaces defined in
an insulator arranged on a semiconductor substrate, at least some of the contact holes _
having an asﬁect ratio on the order of 2:1, the improvement comprising disposing a

- collimator between said sputter target and the substrate, said collimator being spaced

from the substrate, said collimator having at least some openings with an aspect ratio of
at least 1:1, and sputtering said refractory metal or refractory metal alloy, said refractory
me_t_al or refractory metal alloy being formed on said side and bottom surfaces of said
contact holes and having é substantially uniform thickness at said side surfaces of said
contact holes.

According to yet another aspect of the invention there is disclosed in a sputtering

process for depositing a refractory metal or refractory metal alloy layer from a sputter
target onto a substrate having at least some depressions therein with aspect ratios on the

order of 2:1, each



side surfaces of said contact holes. 14. In a sputtering pr "c ?ﬁiA@éMENTSHFET

depositing a refractory netal or refractory netal alloy |ayer ”@r
sputter target onto a substrate having at |east some depresgjiggg.ther é’l4¥1997

wi th aspect ratios on the order of 2:1, each of said depres ,
bottom and side surfaces, the i rrproverrent 4Bnpri si ng di sposing a coI I [ mator
bet ween the sputter target and the substrate, said collimtor being spaced
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process for formng a Ti/TiN barrier layér within a 2:1 aspect ratio

layer and at a substrate temperature of approximately 150° C., said refractory metal or

refractory metal alloy layer being formed on said side and bottom surfaces of said
depressions and having a substantially uniform thickness at said side surfaces of said
depressions.

According to yet another aspect of the invention there is disclosed a process for
forming a Ti/TiN barrier layer within a 2:1 aspect ratio aperture formed within a
passivation layer arranged on a substrate, comprising the steps of:

sputtering a layer of titanium onto the substrate through a collimator having 1:1
aspect ratio openings therein, said collimator being spaced from the substrate, said layer
of titanium being sputtered; .

sputtering a layer of titanium nitride onto said layer of titanium through said
collimator said second sputtering step being carried out in a working gas consisting
essentially of Ny;

said layers of titanium and titanium nitfide being formed on said sides and bottom
of said apertﬁre, and having a substantially uniform thickness on said sides of said
aperture; and

annealing said layers of titanium and titanium nitride in'an Nzlambient to convert
titanium on said sides of said aperture to titanium nitride.

~ According to still another aspect of the invention there is disclosed a process for
sputtering a layer of titanium nitride onto a substrate having at least one depression
having side and bottom surfaces, said at least one depression having an aspect ratio on
the order of 2:1, comprising the steps of

forming said at least one depression on said substrate, and



aperture forned within a passivation |ayer arranged on a SFBS
conprising the steps of: sputtering a layer of titani um on}
through a collimtor having 1:1 aspect rati o openi ngs t her gi
collimat or being spaced fromthe substrate, said |ayer of 1} Taalls
sputtered; sputtering a |ayer of titaniunﬁFitride ont o sai TAHYET ~of

titani umthrough said collimtor said second sputtering step being carried

out in a workin S GORSH It e i al: 1 i i anidim
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said aperture; and annealing said layers of titaniumand titaniumnitride
in an N2 anbomsistingessemtiatty bf Nt ani um on said sides of said aperture to
titaniumnitride. 16. A process for sputtering a layer of titaniumnitride
onto a subst r at saildeyercpfatitanivas nittide beimgrdspesited dnasait gideiand botwnb senfanes of

surfaces, said at |east one depression having. . L . .
said at least one depression, said layer of titanium nitride being deposited at a

weanpesmaserenrTattt

substantially uniform thickness on said side surfaces of said at least one depression.

The foregoing and other structures and teachings of the pre:sent invention will
become more apparent upon review of the description of the best mode for carrying out
the invention as rendered below. In the description to follow, reference wil} be made to

the accompanying Drawing, in which:



an -aspec¢t ratio on the order of 2:1, conprising the steps of:'fﬁ;i.nﬁAQﬁ\&;%{*ilHSHEET |

at | east one depression on said substrate, and sputtering salid Iaygr m
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titaniumnitride o te through a collimator spaematér.

substrate, said, i step being carniged out, and in a - :
consi sting esserﬁﬂmg@” ”m d layer of titaniumnitride being

deposited on sai o Sicde, W sur f aggiNfs sai d at | east one depression,
said layer of titaniumnitride being de | at a substantially uniform

t hi ckness on said side surfaces of said at | east one depression.
1.  In a process for sputtering a barrier layer metallurgy comprising a refractory

metal or refractory metal alloy from a sputter target into contact holes having side and
bottom surfaces defined in an insulator arranged on a se.micénductor substrate, at least
some of the contact holes having an aspect ratio on the order of 2:1, the improvement
comprising disposing a collimator between said sputter target and the substrate, said
collimator being spaced from the substrate, said collimator having at least some openings
with an aspect ratio of at least 1:1, and sputtering said refractory metal or refractory
metal alloy at a pressure between approximately 0.7 mTorr and 3 mTorr, said refractory
metal or refractory metal alloy being formed on said side and bottom surfaces of said
contact holes and having a substantially uniform thickness at said side surfaces of said
contact holes.

2.  The process as recited in claim 1, wherein said refractory metal is sputtered |
at a pressure of less than 1.0 mTorr.

3. The process as recited in claim 2, wherein said refractory metal comprises
titanium. |

4. The process as recited in claim 2, wherein said refractory metal alloy
comprises tit:a;nium nitride.

S.  The process as recited in claim 4, wherein said deposition is carried out in an
N, ambient.

6. In a sputtering process for depositing a refractory metal or refractory metal

| alloy layer from a sputter target onto a substrate having at least some depressions therein

with aspect ratios on the érder of 2:1, each of said depressions having bottom and side
surfaces, the improvement comprising disposing a collimator between the sputter target
and the substrate, said collimator being spaced from the substrate, and sputtering said
refractory metal or refractory metal alloy layer at a pressure between approximately 0.7
mTorr and 3 mTorr and at a substrate temperature of approximately 150° C., said

refractory metal or refractory metal alloy layer being formed on said side and bottom
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surfaces of said depressions and naving a substantially uniform thickness at said side

surfaces of said depressions.

7. A process for forming a Ti/TiN barrier layer within a 2:1 aspect ratio
aperture forined within a passivation layer arranged on a substrate, comprising the steps
of:

sputtering a layer of titanium onto the substrate through a collimator having 1:1
aspect ratio openings therein, said collimator being spaced from the éubstrate, said layer
of titanium being sputtered at a pressure between 0.7 mTorr and 3 mTorr;

sputtering a layer of titanium nitride onto said layer of titanium through said
collimator said second sputtering step being carried out in a working gas consisting
essentially of N, at a pressure between 0.7 mTorr and 3 mTorr;

said layers of titanium and titanium nitride being formed on said sides and bottom
of said aperture, and having a substantially uniform thickness on said sides of said
aperture; and

annealing said layers of titanium and titanium nitride in an N, ambient to convert
titanium on said sides of said aperture to titanium nitride.

8. The process as recited in claim 7, wherein said pressure is not greater than
approximatelf 1 mTorr. |

9. A process for sputtering a layer of titanium nitride onto a substrate having at
least one depression having side and bottom surfaces, said at least one depfession having
an aspect ratio on the order of 2:1, comprising the steps of

forming said at least one depression on said substrate, and

'. sputtering said layef of titanium - nitride onto the substrate through a collimator
spaced from the substrate, said sputtering step being carried out at a pressure between
approximately 0.7 mTorr and 3 mTorr, and in a working gas consisting essentially of

N2;
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said layer of titanium nitride being deposited on said side and bottom surfaces of

said at least one depression, said layer of titanium nitride being deposited at a
substantially uniform thickness on said side surfaces of said at least one depression.

10. 'The process as recited in claim 9, wherein said pressure is not greater than
approximately 1 mTorr,

11. The process as recited in claim 10, wherein said substrate is heated to |
approximately 1500° C. during said sputtering step. |

12. The process as recited in claim 6, wherein said sputtering process is carried
out at a pressure of less than 1.0 mTorr. |

13. In a process for sputtering a barrier layer metallurgy comprising a refractory
metal or refractory metal alloy from a sputter target into contact holes having side and
bottom surfaces defined in an insulator arranged on a semiconductor substrate, at least
some o:f .the contact holes having an aspect ratio on the order of 2:1, the improvement
comprising disposing a coilimator between said sputter target and the substrate, said
collimator being spaced from the substrate, said collimator having at least some openings
with an aspect ratio of at least 1:1, and sputtering said refractory metal or refractory
metal alloy, said refractory metal or refractory metal alloy being formed on said side and
bottom surfa&s of said contact holes and having a substantially uniform thickness at said .
side surfaces of said contact holes.

14. In a sputtering process for depositing a refractory metal or refractory metal
alloy layer from a sputter target onto a substrate having at least some depressions therein
with aspect ratios on the order of 2:1, each of said depressions having bottom and side
sm;faces, the improvement comprising disposing a collimator between the sputter target
and the substrate, said collimator being spaced from the substrate, and sputtering said
refractory metal or refractory metal alloy layer and at a substrate temperature of
approximately 150° C., said refractory metal or refractory metal alloy layer being
formed on said side and bottom surfaces of said depressions and having a substantially

uniform thickness at said side surfaces of said depressions.



e

 CEMENT SHEET

‘ REPLAC

(- oote .0 WAV 9T

15. A process for forming a Ti/TiN barrier layer within a 2:1 aspect ratio

aperture formed within a passivation layer arranged on a substrate, comprising the steps '
of:

sputtering a layer of titanium onto the substrate through a collimator having 1:1
aspect ratio openings therein, said collimator being spaced from the substrate, said layer
of titanium being sputtered; |

sputtering a layer of titanium nitride onto said layer of tita;ﬁium through said
collimator said second sputtering step being carried out in a working gas consisting
essentially of Np;

said layers of titanium and titanium nitride being formed on said sides and bottom
of said aperture, and having a substantially uniform thickness on said sides of said
aperture; and -

annealing said layers of titanium and titaniun:l'nitride in an N, ambient to convert
titanium on said sides of said aperture to titanium nitride. |

16. A process for sputtering a layer of titanium nitride onto a substrate having at
least one depression having side and bottom surfaces, said at least one depression having
an aspect ratio on the order of 2:1, comprising the steps of

forming said at least one dépression on said substrate, and

sputtering said layer of titanium nitride onto the substrate through a collimator
spaced from the substrate, said sputtering step being carried out, and in a working gas \
consisting essentially of Np;

said layer of titanium nitride being deposited on said side and bottom surfaces of
saici at least one depreséion, said layer of titanium nitride being deposited at a

substantially uniform thickness on said side surfaces of said at least one depression.



