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"to senlconductor'J égfated circuit technology in general, nore
‘particularly to the problemof -filling high aspect ratio holes with
conductive material. (2). DESCRI PTI ON OF THE PRI OR ART

Referring to FIG 1, a semconductor substrate -(nost conmonly

silicon), including conducting line 2 (seen head-on in the figure) has
been covered by insulating | ayer 3. Opening (or
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IMPROVED PLUG FILLING TECHNIQUE

BACKGROUND OF THE INVENTION
(1) FIELD QF THE INVENTION

The invention relates to semiconductor integrated circuit
techdoloqy in general, more particularly to the problem of

€illing high aspect ratio holes with conductive material.

(2) DESCRIPTION OF THE PRIOR ART

Referring to FIG. 1, a semiconductor substrate (most
commonly silicon), including conducting line 2 (seen head-on in
the figure) has been covered by insulating layer 3. Opening (or
hole) 4 has been formed in 3 and extends all the way down to the
surface of conductor 2. The aspect raktio of hole 4 is defined as
the  ratio of its depth H to its diameter w. Aspect ratios in

excess of about 2:1 are considered to be high aspect ratios.

Hole 4 was formed so as to allow electrical contact to be



‘hol e) 4 has been fornmed in 3 and extends all the way down to the surface
of conductor 2. The aspect ratio of hole 4 is defined as the ratio of its
depth Hto its diameter W Aspect ratios in excess of about 2:1 are

considered to be high aspect rati os. Hole 4 was fornmed so as to
all ow el ectrical contact to be -2 - - 2-
made between a conductive |ayer 5, on the upper surface of 3, and
conductive layer 2. Thus it becones necessary to fill, or plug, hole 4

Wth a suitadd detBdyCl idghduRtevd Alayer 5, an tﬁleUH}aB&m Weekyopsed A3 a
conductive material in integrated circuits, is also t%e material usually

used to préwidustive iayemr2. piings itThecpresf mecedsangt hag dian, depasivg,ng

t he alunir%wiinside hol e 4 has been sputtering because it allows the film
properties 'Ot 4 wdthi ¢ gfititpblecsradyuctate materdadh adj ustnent  of
processing conditions. Conventional sputtering -- placing a
silicon substrate a 'short distance below an alum num target, has been

found to be unsuumahl®, feidellyUdsdd ldsi BOchRRRUIGAMYELYi d1Ni6K i ntegrated
circuits, is also the material usually used to provide the filler
plug. The preferred method for depositing the aluminum inside
hole 4 has been sputtering because it allows the film properties
Lo be tightly controlled ({through adjustment of processing
conditions. Conventional sputtering -~ placing a silicon
Substrate a short distance below an alumiaum target,-has been
found to be wunsuitable for plug £illing because a very thick
layer has to be built up on the main surface before the hole can

be plugged.

The reason for this can be seean by referring once more to
FIG. 1. Although aluminum atoms leave the surface of target 10
over a wide range of angles relative to the surface 10, only
those atoms that arrive at the silicon substrake at normal, or
near normal, incidence, such as those following paths 6 or 7,
will be able to reach the bottom of hole 4. All other atoms from
the target end up on the surface of layer 3 so that, by the time
hole 4 has been filled, layer 5 will have grown to a thickness

that is much greater than desired.



| ayer has. to'be built up on the main surface before the hole can be

pl ugged. ‘ The reason for this can be seen by referring once nore to
FIG 1. 'Although al um num atons | eave the surface of target 10 over a w de
range of angles relative to the surface 10, only those atons that arrive
at the silicon substrate at normal, or near nornmal, incidence, such as
those following paths 6 or 7, wll be ghle to reach the bottom of hole 4.
Al'l other atons from the target end up on the surface of layer 3 so that,
by the tinme hole 4 has been filled, layer 5 will have grown to a thickness

that is nuch gr atgpéthan desi red. In the invention of
Lee et al. nf“%e%fnﬁ% Logr e§9§)]5) (t‘hlss pPabertn had 1heeh 4axrt ved
by the |ntqggg [ t| gr n the target and the
substrate. Beia%i‘%no?;?%e gr| s l%r%é‘se%fg Fer’r‘h”rertﬂﬁ’éﬁ-tb?‘i gi9fat es

at target cdQlifawidig0hbr by the SObJdeRt Ofa Oc.‘Ha&efEt OfRa " AL MNP PALNS

Because of the grid's presence, mast material that originates at
Larget 10 is caught by the collimator, only atoms following paths
Similar to § or 7 (in FIG. 1) being able to pass. Thus, the
deposition rates at the surface of 3 and at the botttom of hole 4

end up approximately the same.

While this approach to the problem is effective in
equaliziag the twa depositicn rates, it has the major
disadvantage of significantly reducing both of said rates. For
@xample, as described in the Lee patent, the deposition rate was
reduced by a factor of more than 20 when a collimating grid,
intended for use with a 2:1 aspect ratio hole, was emplo?ed.
This happens because atoms leaving the surface of 10, at angles
corresponding (for example) o path 9 that would normally be
Capable of of reaching the bottom of the hole, are wunable to
contribute to the overall deposition rate, being blocked by the

collimating grid 11.

The present invention overcomes this major disadvantage of
Lee et al.'s invention by eliminating the grid and, instead,

adjusting the target-to-substrate distance during the deposition

Process. Grant et al..(U.S. Patent 5,358,615 Oct 1994) teaches



“simlar to 6'or 7 (in FIG 1) being able to pass. Thus, the deposition

rates at the surface of 3 and at the botttomof hole 4 end up
approximately the sane. Wiile this approach to the problem is
effective in equalizing the two deposition rates, it has t he
maj or di sadvantage of significantly «+é&ducing both of said rates. For
exanpl e, as described in the Lee patent, the deposition rate was reduced
by a factor of nore than 20 when a collimating grid, intended for use with

2,2 L asped adeds Bobes WRY SPICAYRGas W S REPPENRACCRNSE QIR Leavi ng

the surface of 10, at angle correspondi ng or éxanpl e t hat

woul d nor nd¢dasiltd oncoperdd ta oaf b ﬂheaﬁfﬂdukdthenbﬂkté&ﬂd@%n%ﬁewfﬁﬂ‘ﬁowaEﬁ
unable to contribute to the overall deposition rate, being blocked by the

col i mati ntPRFve 1the adhesiofheofr &bbmtEilmsent noh Owey CENESLEd hollBE O

di sadvant f Lee et _al.'s invention by elimnating the grid and,
i nst ead, aéﬁﬁ%hﬁﬁmﬁﬁetrﬁ?%1§F53f4§ﬁ9psﬂb§54%%98bGFgFaﬁc%?Rﬂﬂtiﬂgdtsubsﬂeﬁb@iti on

process. {Xad¥t €hangla -adc¥ng ef@bBBlatioi8, 615 Ot 1994) teaches

SUMMARY OF THE INVENTION

It has been an object of the present invention tao pravide a
method and apparatus for filling high aspect ratio holes in

semiconductor substrates (such as silicon) with a material such

as aluminum.

A further object of the present invention has been to
Provide a method for filling holes in a substrate without causing

a drop in the deposition rate of the hole filling material.

Yet another object of the present iavention has been to
Praovide a method for filling holes in a substrate without causing
an  excessive buildup of the hole £illing material on surfaces

Qutside of said holes.

These objects have been achieved by initially depositing a



~how condi tions may be changed in the course of a sputter- deposition
operation but their invention is concerned with howto inprove the
adhesion of thin filnms, not howto plug holes. Furthernore, the
separation distance between target and substrate 1is not changed during the

oper ati on. - sSUMVARY OF THE | NVENTI ON It
has been an object of the present invention to provide a nethod and
apparatus for filling high aspect ratio holes in sem conductor substrates

(such as siddeqondydf (dr 2 AR 2! fﬂ%i&gﬁﬁia@leymfu{%xé:ha ast?,]lbué‘xif th hiethi ng

obj ect of the present i1nvention has to prov ne or ' f
hol es in ameanst raf e Mngheniow'aspubteriaglr 0pei N td\@edenRdi iryirhateasd the

hole filling materi al . Yet anot her object of the present invention
has been t &85 aviukstantiaholiftanceagantgdnoing sputtesubst r atnd swealoes
causing a cessjive buildup. of the hole filling material on surfaces
Qutside of XSRS .sputkergd BFOBE hjASEt¥e hah T SHDEERR B SHTEF<F Ak i al | y

depositing rdrmal angles of incidence thereby resulting in uniform coating
of the holes' interiors without, at the same time, causing an
excessive buildup of material on the other surfaces of the

substrate.

Once the seed layer is ia place, the target-to-substrate
distance is reduced to a value that is typical for conventicnal
Sputter-deposition. In addition, the temperature of the
Substrate is raised to at least 40Q°C and sputtering 1is
Teinitiated. Under these conditions, effective filling of the

holes can now occur.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates the problem solved by the present

invention as well as a solution available in the prior art.

FIGs. 2 and 3 illustrate the apparatus of the present

invention as well as the associated methodology.



. seed layer of the hole filling material (such as alum num by neans of
long throw sputtering, i.e. target and substrate are kept a substanti al
di stance apart during sputtering. This causes nobst of the sputtered atons

‘to arrive at the substrate surface at nornmal angles of incidence thereby

resulting in uniformcoating of the-lBoles' interiors without, at the
sane tine, causing an excessive buildup of material on the other
surfaces of the substrate Once the seed layer is in place, the
target-to-substrate RGN lbed@@aecbatmaa&al Headdtenrs typical for
conventi onal sputter- eposi tion. I'n addition, the tenperature of
the substrate is raised to at |east 400[err]C and sputtering 1is
reinitiated. Under these conditions, effective filling of the holes can

now occur. Aluminum, when deposigRACPNPESER PRFERFEF that DRAWNGS 2

temperature greater than about 400 °C, will flow along the
surface of deposition to a sufficient degree to, for example,
enter and f£ill a hole in a substrate, such as hole 4 in FiG. 1.
This makes it possible to £ill holes at reasonable rates without

producing excessively thick layers elesewhere.

The 'hot aluminum' process just described will, haowever, not
work unless a seed layer of oxide-free aluminum is already
present on the surface in question. Without such a seed layer
aluminum will not stick to a surface that is at the

aforementioned high temperature.

Referring now to FIG. 2, sputtering chamber 21 is shown,
togather with aluminum target 22 and substrate holder 23. Target
22 is connected to the outside of chamber 21 by means of gas-
tight moveable shaft 25, while substrate holder 23 is similarly

set up via gas-tight moveable shaft 26.

Vacuum port 27, on one side of sputtering chamber 21, allows
the latter's interior to be evacuated following which a
Sputtering gas 28, such as argon, is admitted at a2 controlled

rate so as to establish and maintain a pressure witlin the



“FIG 1 illustrates the problem solved by the present invention as well as a

solution available in the prior art. FIGs. 2 and 3 illustrate the
apparatus of the present invention as well as the associ ated net hodol ogy.
- 6- DESCRI PTI ON OF THE PREFERRED EMBODI MENTS

Alum num when deposited onto a suffeace that is at a tenperature
greater than about 400 [err]C, will flow along the surface of deposition
to a sufficient degree to, for exanple, enter and fill a hole in a

substrate, oisigll. ag,hole 4.in FIGE 1. his.ppkes it possible to fill holes
at reasonabl e Tat eéegﬁ'ﬁ%ﬁpwbrc}d ci xc@égib'é?’ir""t hi & | 8%t s PeEBSenhere.
The "hot agutiBHaFe ROLEHRSII M3d Q8864d DR Wbl by ver, not k unless a
seed | ayer of oxide-free aluninun1|g alreaS% prggﬁﬁi 8%‘%%%“§ﬁ$?38%e in
question. OfN tfepatatsatch @neeeftonm ay@sthedl. UM ngaLd WidshimOR! sedlairGKiod O @
surface that is at the aforenentioned high tenperature.
istance is between about S and 20 cm. for a target diameter

between about 11.5 and 15.5 inches. More generally, we have

found that the ratio of separation distance to target diameter

should be between about 0.15:1 and 0.5:1 for a 15.6 inch target

and between about 0.18:1 and 0.7:1 for an 11 inch targat.

D.C. sputtering 1is now initiated by applying a voltage of
about 20 kw, preferably in conjuction with a magnetron source,
and is allowed to proceed for from about 10 seconds to about 1
minute at a pressure between about 1.5 and 9 millitorr. Because
of the large target-substrate distance, most of the aluminum
atoms will arrive at the surface of silicoa wafer (or substrate)
24 at normal, or near normal, incidence, all others ending up on
the walls of the sputtering chamber. Thus, by sputtering under
the conditions and for the time specified, a suitable seed layer,
between about 1,500 and 2,500 Angstroms thick, can be formed on

the interior side-~walls and bottoms of any holes in the surface

of 24 without an excessive buildup elsewhere.

Referring now to FIG. 3, we proceed to the next step.
Without breaking vacuum, either target 22 or substrate holder 23

is moved along gas-tight moveable shafts 25 or 26 respectively so



. Referring nowto FIG 2, sputtering chanber 21 is shown, together with

',aluninunitarget 22 and substrate hol der 23. Target
out si de of chamber 21 by neans of gas-.
"substrate holder 23 is simlarly

22 is connected to the
ti ght noveabl e shaft 25, while
set up via gas-tight noveabl e shaft 26.

Vacuum port 27, on one side of sputtering chanber 21, allows the latter's

interior to be evacuated foll owi pg -which a sputtering gas 28, such
as argon, is admtted at a controlled rate so as to establish and
maintain a pressure within the -7-
chanber between about 1.5 and 9 mllitorr. At this point, substrate
hol der 23 thatt tRégelcodd SUdsedt tédetinerNBYAtRAIN Ghek ANEEharQf iof EPAANWEAN, oOne
from another. Said rmaxi mum separation distance is between about

5 and 20 ha# beenr nedured it bétwesnt @aboubetbhdad Sabout Mbre gamerallys

i nches.

|1y, h f cthaf. th ti f ti
(i stance (0ar BT Sfelip il CERo AR BT N AINSREBUC GA8S) GHBoGS5 1 f or

a 15.6 inchadidl A8L pedRd PEINRAN:SNUHeln 1&cut2dd19: 7 hd 0% . 8. Lkoingh

target.

15.6 inch target or to between about 0.74:1 and 0.18:1 for an 11
inch target. 1In addition, heat is applied to substrate holder 23
SO that silicon wafer 24 is raised to a temperature of at least

40Q °c.

Sputtering is now resumed at a power level of aboub 4 kW and
4 pressure between about 1.5 and 3 millitorr aad allowed to
continue for from about 0.5 to 4 minutes wuntil all holes are
£illed, additional material being deposited to a thickness
between about 3,000 and 4,000 Angstroms. A wide variation in the
aspect ratios of the holes that are to be filled can be tolerated
Ssince there is no excessive build-up of aluminum on the surfaces

outside of the holes.

While the invention has been particulariy shown and
described with reference to this preferred embodiment, it will be
understood by those skilled in the art that various changes in
form and details may be made without departing from the spirit

and scope of the invention.

What is claimed is:.



~*D. C. sputtering is nowinitiated by applying a voltage of about 20 kW
preferably in conduction with a nmagnetron source, and is allowed to
proceed for fromabout 10 seconds to about 1 mnute at a pressure between
about 1.5 and 9 mllitorr. Because of the |arge target-substrate distance,
nost of the alum num atonms will arrive at the surface of silicon wafer (or
substrate) .24 at normal, or near nornal-9i-nci dence, all others ending up
on the walls of the sputtering chanmber. Thus, by sputtering under the
conditions and for the tine specified, a suitable seed | ayer, between
about 1,500 and 2, 500 Angstrons thick, can be formed on the interior

si de-wal | s' and hofeshed offeinyfHditeg it hhehsureRs: ofalio witcheutimn a

excessive Qi AR ) ... Referring nowto FIG 3, we proceed
to the next steﬁskggﬁﬁﬁ%ﬁtcgﬁgéﬁfﬁ%'vacuun1 either target 22 or substrate

holder 23 i's mvedodiont 0assileahiidpehaRber Shald S 1281028 fSPREGL Vel Y
SO that they cone cl oser together, unti el r separation
di stance 2aluminum target and a moveable, heatable substrate holder;

b) adjusting said target and said substrate holder to their
maximum separation distance;

€) placing said semiconductor wafer on said substrate
holder;

d) filling said sputtering chamber with a gas at a First low
pressure;

e) sputtering a first layer of material from said aluminum
target onto said semiconductor wafer for a firsk period of time;

£) moving the aluminum target and the substrakte holder,
along with the semiconductor wafer, so as to reduce the
Separation between them to a lesser separation distance;

g) £illing said sputtering chamber with a gas at a second
low pressure and heating the substrate holder, thereby raising
the temperature of the semiconductor wafer; and

h) then sputtering a second layer of material from said
aluminum target onto said semiconductor wafer for a second period

of time.

2. The method of claim 1 wherein said maximum separation

distance is between about 6 and about 20 cm.

L



has been r.educed to between about 4 and 6 cm Mre generally, they are
noved until the separation distance to target dianeter ratio has been
"reduced to between about 0.13:1 and 0.15:1 for a 15.6 inch target or to

" between about 0.14:1 and 0.18:1 for an 11 .inch target. In addition, heat
is applied to substrate holder 23 so that silicon wafer 24 is_raised to a
tenperature of at least 400 [err]C. Sputtering is now resuned at a
power |evel of about 4 kWand a pressure between about 1.5 and 3 mllitorr
and allowed to continue for fromabout 0.5 to 4 mnutes wuntil al

holes are filled, additional material being deposited to a thickness

bet ween about TRaOORtad 4oH0@&LADGStY Ombere it wisdddvalestdmon sepatdeonaspect
ratios of the holes that are to be filled can be tolerated since there is
no excesstiatangel éis etypen| ahautum 274 BREUS S fces Qutside of the hol es.
Wiile the invention has been particularly shown and described with

reference to this preferred enbodinent, it will be understood by those
skilled ip 't %tﬁ&ak YBLIOUS SOANARSAD tddieThedAd Pt ghksn rane be
nade wi t hout par I'ng omthe spirit and scope of the invention.

semiconductor wafer is raised in step (g) is at least 400 °C.

S. The method of claim 1 wherein the semiconductor comprises
silicon.

6. The method of claim 1 wherein said gas comprises argon.

7. The method of claim 1 wherein said first period of time is

between about 10 seconds aand about one minute.

8. The method of claim 1 wherein said second period of time is

between ahout 0.5 and about 4 minutes.

S. The methad of claim 1 wherein said first gas pressure is
between about 1.5 and about 9 millitorr and said second gas

Pressure is between about 1.5 and about 3 millitorr.

10. The method of claim 1 wherein the thickness of said first
layer of material is between about 1,500 and about 2,500 Angstrom

units.

L



"What is clained is: -9- 1. A
method for- filling a high aspect ratio hole in a sem conductor
waf er conpri sing: a) providing a sputtering chanber that includes a
noveabl e al um numtarget and a noveabl e, heatabl e substrate hol der;

b) adjusting said target and said substrate holder to their maxi num

separation di stance; c) placing watd sem conductor wafer on said
substrate hol der; d) filling said sputtering chanber with a gas at a
first low pressure; e) sputtering a first layer of material from

sai d al uminum Tha! S&tndabe SHiif SEMNineRB ok CiHy t‘?ﬁfcﬁﬁe% of? LA scf%%aod of
tinme;, f) moving the alum numtarget and the su strate al ong
with  thelagegnip€onahatial isvifetween sboulis3, Q0 anhddabut mheoosama;rtabmon
between themto a | esser separation distance; g) filling said

sputterlng’Eﬂﬁnber with a gas at a second

12. An apparatus for filling a high aspect ratio hole in a
semiconductor wafer comprising:

a sputtering chamber having first and second opposite ends;

an aluminum target, including a magnetron, inside said
Sputtering chamber, connected to the first end of the sputtering
Chamber;

a2 substrate holder, ianside said sputtering chamber, coaxial
with said aluminum target, connected to the second end of the
Sputtering chamber and maintaining a separation distance from
said aluminum target and capable of supporting said semiconductor
wafer;

gas~-tight means for changing said separaticn distance;

means for evacuating said sputtering chamber;

means for admitting a gas into said sputtering chamber in
controlled amounts; and '

means for heating said substrate holder.
Q 13. The apparatus of claim 12 wherein said separation distance

is adjustable to be between about 4 and about 20 cm. for a

target diameter between about 11 and about 15.6 inches.

* c L M S *



"l ow pressure and heating the substrate holder, thereby raising the
tenperature of the sem conductor wafer; and h) then sputtering a
second layer of material fromsaid alumnumtarget onto said sem conduct or
waf er for a second period of tine. 2. The nethod of <claim 1 wherein
said maximum separation distance is between about 6 and about 20 cm

10 3. The nmethod of <claim 1 wheri+w -said |esser separation

di stance i s between about 4 and about 6 cm 4. The nethod of claim 1
wherein the tenperature to which the sem conductor wafer is raised in
step (g) is at least 400 [err]C 5. The nethod of claim 1 wherein
the senicdriducTbe papataesof Lhi® O wherdin sBh@ §BE %ﬁlsékaé*’éola wher ein

sai d gas conprises argon.
1S. The apparatus of claim 12 wherein said heating means is
Capable of raising the temperature df the substrate holder to at

least 400°c.

16. The apparatus of claim 12 wherein said gas-tight means for
changing said separation distance further comprises:

2 vacuum-sealed shaft for moving said target and magnetron;
and '

a vacuum-sealed moveable shaft for moving said substrate

halder.

L



7. The method of claim1l wherein said first period of tinme is between
about 10 seconds and about one minute. 8. The nethod of claim1
wherein said second period of tine is between about 0.5 and about 4

m nut es. 9. The nethod of claim1l wherein said first gas pressure
I's between about 1.5 and about 9 mllitorr and said second gas pressure
is between about 1.5 and  about 33 mllitorr. 10. The net hod of
claiml1 wherein the thickness of said first |ayer of material is between
about 1,500 and about 2,500 Angstrom wunits. 11. The met hod of
claim1 wherein the thickness of said second |ayer of material is between
about 3,000 and about 4,000 Angstrom wunits.

ABSTRACT

IMPROVED PLUC FILLING TECHNIQUE

A method and associated apparatus are described for filling
high aspect ratio holes in a substrate with a material such as
aluminum. Initially a seed layer of the hole filling material is
laid down by means of 'long throw' sputtering, i.e. target and
substrate are kept a substantial distance apart during
Sputtering. This causes most of the sputtered atoms to arrive at
the substrate surface at normal angles of incidence thereby
resulting in uniform coating of the holes' interiors without, at
the same time, causing an excessive buildup of material on the
other surfaces of the substrate. Once the seed layer is in
Place, the target-to-substrate distance is reduced to a value
that is typical for conventional sputter-deposition. In
addition, the temperature of the substrate is raised to at least

400 °C and sputtering is reinitiated. Under these conditions,

effective filling of the holes can now occucr.

FIGURE 1 IS SUGGESTED FOR PUBLICATION



12. An apparatus for filling a high aspect ratio hole in a sem conductor
waf er conpri sing: a sputtering chanber having first and second

* opposite ends; an alumnum target, including a nmagnetron, inside
said sputtering chanber, connected to the first end of the sputtering
chanber; a substrate holder, inside said sputtering chanber, coaxi al
with said alum numtarget, connected to the second end of the sputtering
chanber and nmi ntai ning a separation distance from said al um numtarget
and capabl e of supporting said seni condddBor wafer; gas-tight neans
for changing said separation distance; means for evacuating said
sputtering chanber; nmeans for admtting a gas into said sputtering
chanber in controlled anounts; and means for heating said substrate
hol der. 13. The apparatus of claim 12 wherein said separation
distance is adjustable to be between about 4 and about 20 cm for a
target dianmeter between about 11 and about 15.6 inches.
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- 12 - 14. The apparatus of claim 12 wherein said gas conprises argon.
15. The apparatus of claim 12 wherein said heating neans is capable of
raising the tenperature of the substrate holder to at |east 400[err]C
16. The apparatus of claim 12 wherein said gas-tight neans for changing

sai d separation distance further conprises: a vacuum seal ed shaft for
novi ng said target and magnetron; and a vacuum seal ed noveabl e shaft
for noving said substrate hol der. 2/2
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