SPUTTERING SI LI CON DI ELECTRI C FI LM5 W TH NOBLE GAS M XTURES BACKGROUND OF
THE 1 NVENTION This invention relates generally to processes of 5
depositing films on substrates by nagnetron sputtering in a. vacuum and,
nore specifically, to such processes used to deposit non-conducting or
sem -conducting el enents, such as silicon, and dielectrics of such
el ements. Various magnetron sputtering processes are 10 utilized to
deposit thin filnms on a wiede variety of substrates. One class of such
processes is utilized to formoptical filmsion glass substrates. Such
substrates include |arge scale archltectura} gl ass used for w ndows of
bui | di ngs, vehicle glass such as truck and autonobile 15 wi ndshi el ds,
conput er and video display screens, and small optical elenments. This class
of processes is carried out by passing a series of one type of such
substrates through a vacuum chanber in which material is sputtered froma
target that-is being, bonmbarded with ions generated in a 20 pl asma
discharge. |If it is desired that the thin film be conposed of the target
materi al al one, that materi SPURTERING STLICON NEBLECHRIC tFELM] bst r at es.

On the other hand, it is often de3ITS NOBLR®AS MIXTBHOUNd of which the
target elenment is a part, and this is acconplished by 25 I ntroduci ng a
reactive gas into the vacuum chanber that reacts with the sputtered el enent
on the surface of the substrate to formthe desired conmpound. One exanple

Carget material TAGKGRABID QLcHIINVRRRA, “and the react|ve gas io.
oxygen or nitrogen. |n anottigeis expmitd.ornredages génarpldsore mratesses of
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a vacuum, and, more spec1f1ca11y, to such processes used
to deposit non-conducting or semi- -conducting elements,
such as silicon, and dielectrics of such elements.
Various magnetron sputtering processes are
10 utilized to deposit thin films on a ‘'wide variety of
substrates. One class of such processes is utilized to
form optical films on glass substrates. . Such substrates:
include large scale architectural glass used for windows
of buildings, vehicle glass such as truck and automobile
15 ' windshields, computer and video display screens, and small
optical elements; This class of processes is carried out
by passing a series of one type of such substrates through
a vacuum chamber in which material is sputtered from a
target that is being bombarded with ions generated in a
20 plasma discharge. If it is desired that the thin f£ilm be
composed of the target material alone, that material is
sputtered directly onto the substrates. On the other
" — hand, it is often desired to deposit a compound of which
- i the target element is a part, and this is accomplished bX'
25 introducing a reactive gas into the vacuum chamber that
reacts ‘with the sputtered element on the surface of the
Fsubstrate to form the desired compound. One example of




S sputtered away and conbined with a reactive gas, such as oxygen, to
deposit a filmof a dielectric material, such as silicon dioxide. The
demand for sputtered films of non- 10 nmetallic, substantially

non- conducti ve el enents, or dielectric conpounds t her eof has
I ncreased significantly in recent years. However, it is difficult to
control current sputtering processes that deposit such filns. These

processes general ly cannot be 15 operated in a stable manner. The
deposition of silicon dielectric filnms is the nost difficult, and, at the
sanme time, the demand for such filns is i'ncreasing rapidly. Existing
processes provide a rate of deposition ttmt is nmuch less than that which is
obt ai ned when formng filns 20 of nost netals. In order to be cost
effective, theputteringsisusin stheadepositiongof hdiedgatrien fidms ering
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substrates, suc auf ono he required capital
i nvest nent i n S¥Eh ag, t‘?ﬂnl de} ar ge and thus it is desired to be

3 able to nove the subst'neé esdéiaaﬁaghfbbe aputuabeal NEidmsS piet €moe- vacuum
chanber s 1%[ ay eat: effia s&besé)afnéf)% non-conductive elements, or
dielectric compounds thereof, has increased
significantly in recent years. However, it is difficult
to control current sputtering processes that deposit
such films. These processes generally cannot be
15 operated in a stable manner. The deposition of silicon
dielectric films is the most difficult, and, at the same
time, the demand for such films is increasing rapidly.
Existing processes provide a rate of deposition that is
much less than that which is obtained when forming films
20 of most metals.

In order to be cost effective, the substrates
must be passed through the magnetron sputtering
equipment at a high rate. That means that the rate at
which such material is deposited on the substrate needs

25 to be maintained at a high level, but that has not been
the case when depositing silicon oxide and other such
films. Silicon oxide films are becoming popular for use
as one or more layers of a multi-layer *stack' formed on
glass in order to provide wavelength selective

30 transmission and/or reflection characteristics. The
refractive index of silicon dioxide is low. However,
the rate of depositing such films is of particular
concern when coating large substrates, such as building

- or automobile glass. The required capital investment in

*"35 equipment is very large and thus it is desired to be
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*




The prinmary undesirable effect which occurs during the deposition of filns
of silicon or a silicon 5 dielectric is arcing. Frequent arcing causes
the.proeess to drift away fromthe desired operating parameters. Two types
~ofarcing occur. In a first type, which is the main concern, an arc occurs
- through the plasma, which is a conductor of electrons, fromthe 10 target
surface to an anode surface. ‘The non- electrically conductive
.target material is doped with some conductive material, such as sone
alumnumw thin a silicon target, in order toallowit to serve as the

cat hode of the plasma process. But since any 15 significant anount
of the conductive material in the deposited filmis undesirable, the smal
anount of conductive material in the target results in the target having a

much hi gher | evablefte|neve the substnates throngh the a msuadbstineaefin

the case when &g iﬁgawﬁgnnﬂ&hﬁﬁhﬁkﬁid%.phﬁha@quiﬂét?ﬂﬁédofzéﬂgéd?t
exi sts

nmetal target material. An equivalent electric series,"cir.c
wi thin the deposition chgwﬁﬁrﬂﬁﬁﬂﬁ¥¥1QPékﬁ%ﬁagi%chgﬁgts QTNER i ng
a backsi def of tderinggthe’8eposition mgﬁmnal gl sifkaidon mei _heim@me?
target surface. er§es t I t ange o
the target %at e‘??ﬁ?‘lptgééf ,ighéﬂ' #% ng g%\?gﬂ '? Z’&e gggghghréﬁ‘g%g%he%‘e
t hi ckness of tHpreoaegst tat cdrift téawayatfoom sthet idesimned atoperatingent
the 30 target d thpggt 1 4§ Sloigen t h nd
t he anode. The %ﬁ?ﬁgeg?gt his 1] r?ﬁ%ﬁh%%égélgs?s W th sgﬁst%aﬁ%%?y

rk

non- conduct i ve $¥Pget WRAEH A% thesmadn Saneers AR A%k QSRIRS thrgugh
together. One ithéhplagme, wiiph iepa corpivitor B EYectrorss MY Wve due

tolte I oy et 3LaRee stl¥adtPkidl) 'dn SaghShe OLuFkBRLIONS WRLIGRRE from

electrically conductive target material is doped with
some conductive material, such as some aluminum within
a silicon target, in order to allow it to serve as the
cathode of the plasma process. But since any

15 significant amount of the conductive material in the
deposited film is undesirable, the small amount of
conductive material in the target results in the target
having a much higher level of electrical resistance
through its thickness than in the case when a conductive

20 material is being sputtered from a metal target
material.

An equivalent electrical series ‘*circuit"
exists within the deposition chamber between a metal
electrode surface contacting a backside of the target

25 and an anode spaced apart from the exposed target
surface. This series circuit includes the high
resistance of the target material itself, thus forming
a voltage drop through the thickness of the target
material, the cathode sheath immediately adjacent the

30 target surface and then the plasma itself between the
sheath and the anode. The arcing of this first type
that exists with substantially non-conductive target
materials is believed to have two causes that work
together. One is that the target operates at a higher

35 temperature due to its high resistance, thus making it
easier for electrons to escape from the target surface.



4 The other cause is believed to be a | arger voltage drop across the

cat hode sheath, thus causing ions in that region to inpact the target
surface.with hlgher energy, thus resulting in nore electrons being
dlslodged from5 the target surface. An increased popul ati on of

. electrons increases the probability of a lightning type of arc occurring

* between the target surface and the anode, resulting in a very large current
flowi ng through this series circuit. The power supply connected between 10
the el ectrode surface behind the target and the anode is often disabled

for a tine. This makes it very difficult, if not inpossible, to

mai ntai n operation of the process with th?'stable paraneters that provide a
hi gh deposition rate. These arcs also tend to dislodge 15 particul ate
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rotate thdocyl ithee elsictrodet suaiasedhehngdtme cdeaxrget iand the anode is
often disabled for a time. This makes it very

difficult, if not impossible, to maintain operation of

the process with the stable parameters that provide a

high deposition rate. These arcs also tend to dislodge

15 particulate material which can undesirably become part

~ of the deposited film.

As a cause of the second type of arcing,
silicon dioxide or other non-conductive material is not
only deposited on the substrate where it is desired but

20 also on other surfaces within the wvacuum chamber,
including the anode and target across which an
electrical power supply is connected, and other surfaces
adja‘cen'l; the target. Periodically, a charge is built up
across this dielectric film sufficient to break it down,

25 resulting in an arc occurring. This can cause some

~  disruption in the sputtering process and also generates
particles within the wvacuum chamber, some of which
become attached to the substrate surface.

Many significant improvements have been made

30 in processes of depositing silicon dioxide and other
troublesome dielectrics, in order to avoid this second
cause of arcing. One such advance is to form the
silicon target in a cylindrical shape and then rotate
the cylinder about its axis during the deposition

35 process. Oxides formed on the target surface are then .
sputtered off, providing a type of self-cleaning



35 .process. Oxides forned on the target surface are then sputtered off,
providing a type of self-cleaning 4 5 feature. O her inprovenents have
been made in shields that cover surfaces adjacent the target. Furt her

I mprovenents include anode shapi ng and positioning. However, these neasures
S to not reduce the causes of the 5 first type of arc (between the target
surface and the anode) di scussed above. Therefore, it is an object of the
present invention to inprove such sputtering techniques in order to
significantly reduce the probability of target-to- 10 anode arcing. It is
anot her object of the present invention to operate such a deposition
process in a stable manner. It is a nore g&neral object of the present

i nvention to increase the rate of deposition of high 15 quality films. It
is a specific fleadare.of Qthemrinprovenents i baveobeenrnvadet in ghieddses of
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magnet ron vacuum chanher having an ‘at nosphere of or
invention to improve such sputtering techniques in order
to significantly reduce the probability of target-to-
10 anode arcing.
It is another object of the present invention
to operate such a deposition process in a stable manner.
It is a more general object of the present
invention to increase the rate of deposition of high
15 gquality films. _
It is a specific object of the present
invention to improve the processes of depositing silicon

compounds forming dielectric layers.

RY O TION
20 These and additional objects are accomplished
by the present invention, wherein, briefly and
generally, a target of a material <that is not
electrically conductive, or is at most semi-conductive,
used to deposit a film of that material, or a dielectric
25 compound of such a material, in an atmosphere including
at least two different noble gases. For example, when
depositing silicon based dielectric compounds,
sputtering occurs from a silicon target within a
magnetron vacuum chamber having an atmosphere of one or
30 more reactive gases (usually oxygen and/or nitrogen) and
two different noble gases. One specific combination of
noble gases includes argon with its partial pressure
maintained in the chamber within a range of from 20-80
percent of the total partial pressure of the noble
35 gases, the balance being made up of either helium or



30 nore reactive gases (usually oxygen and/or nitrogen) and two different
nobl e gases. One specific conbination of noble gases includes argon with
rts, partial pressure namintained in the chanber within a range of from 20-80
percent of the total partial pressure of the noble 35 gases, the bal ance
bei ng made up of either helium or 6 neon, or a conbination of helium and
neon. O her nobl e gases include krypton, xenon and radon, but these gases
are generally not utilized because of their unavailability, high
cost or difficulties in use. 5 The rel ative partial pressures
of the noble gases can be maintained by controlling the flow of the

I ndi vi dual gases from separate sources intg the chanber with

correspondi ng relative rat es of flow. Alternatively, the noble
gases can be prxﬁararised:xi @& eokbinapionoofi heldam andoneong t Othexr debled
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20 proportion corresponding to the desired relative partial
pressures and then introduced into the vacuum chamber
from a single container. )
A noble gas is commonly used during the
sputtering of metal films from a target of the metal.
15 A noble gas is also used in some reactive sputtering, in
combination with a reactive gas, in order to increase
the rate of deposition. Indeed, an inert gas has also
been mixed with oxygen during the deposition of silicon
dioxide in order to improve its rate of deposition.
20 However, it was found that the presence of a noble gas
did not improve the controllability and stability of the
process, and, in most cases, degraded the process in
this regard. Therefore, silicon dioxide is now usually
deposited without use of an inert gas, only oxygen being
25 used. However, it has been found, as part of the
present invention, that the benefits of use of an inert
gas can be obtained when a combination of two noble
gases are utilized instead of just one. Genefally, the
noble gas with the lower atomic number'makes up the
30 wmajority of the volume of noble gases.
It has been found that the proper comblnation
of at least two noble gases greatly reduces the
incidence of target-to-anode arcing, thus allowing a
given process to be controlled to operate in a stable
35 manner to provide a maximum deposition rate. This
beneficial result is believed to be due to a transfer of



gas can-be obtai ned when a conbi nati on of two noble gases are utilized

I nstead of just one. Generally, the noble gas with the | ower atom c nunber
nakes up,the 30 majority of the volume of noble gases. It has been found
that the proper conbination of at |east two noble gases greatly reduces the
I nci dence of target-to-anode arcing, thus allowing a given process to be
controlled to operate in a stable 35 manner to provide a nmaxi num
deposition rate. This beneficial result is believed to be due to a
transfer of 7 energy between netastable states of the noble gases and
the surface of the target. This helps to reduce the inpedance of the

cat hode sheath, which thus reduces the vol4age drop across the sheath,
resulting in a reduced 5 probability of target-to-anode arcing. lons
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10 function at the desired operating point in a stable
manner. It has previously been thought that such a
control system could not be utilized when depositing
films from a target of .silicon, or of other non-
conductive or semi-conductive materials.
i5 . Additional objects, advantages and features of
the present invention will become apparent from the
following description of its preferred embodiment, which
description should be read in conjunction with the
accompanyiné drawings.

20 R CRIPTION O WING

Figure 1 schematically illustrates magnetron
sputtering apparatus of a type in which the present
invention constitutes an improvement;

Figure 2 is a cross-sectional view of a

25 portion of the system of Figure 1, taken at section 2-2
thereof;

Figure 3 is a curve illustrating a desired
operating point for the apparatus of Figures 1 and 2;

Figure 4 schematically illustrates a systenm

30 for controlling the magnetron apparatus of Fxgures 1 and
2;

Figure 5 shows curves which illustrate a
method of determining operating parameters of the system
of Figures 1 and 2 according to the present invention;

35 and



I nvention constitutes an inprovenent; Figure 2 is a cross-sectional view of
a 25 portion of the systemof Figure 1, taken at section 2-2 thereof;
Figure 8*is a curve illustrating a desired operating point for the
~apparatus of Figures 1 and 2; Figure 4 schematically illustrates a system

- 30 for controlling the nagnetron apparatus of Figures 1 and 2; Figure 5
shows curves which illustrate a nethod of determ ning operating paraneters
of the systemof Figures 1 and 2 according to the present invention; 35

* and 8 Figure 6 shows a curve that illustrates an opti mum operating point
of the systemof Figures 1 and 2. DESCRI PTI ON OF THE PREFERRED EMBODI MENTS
5 Referring initially to Figuree 1, as a starting point, one
exanpl e of sputtering apparatus and a process as currently practiced is
descri bed. The magnet r diiguoen i reliowaIre turyea thege dlilustrages aaihode

11 having an el wéﬂigagt oSHEPEe! Bk Eg %hagout ukbs f%g?d

el ectrical noto r|ve ource a uniforms n axl s

Carried on thezbyllndrlcal out side surface of the cathode 11 is a |ayer of
target material 17 that is sputtered away during the deposition process. A
substrate 19 i ) RS pendi cular to the
axis 15 of rot € +1 F T & noved in one
direction & ong that pat mégemng dmi\té.mm taethgurem,, as a astartpimy ti ng

rollers 21 Mhlgn,q{ﬂucthvgg 1@”0?'Eﬁﬁﬁt&?ﬁn&riﬂﬁhfggég & a ﬁybégé%pgated

per manent magneéet re
- as currently practiced is described. The magnetron

shown in Figure 1 is a type utilizing a cathode 11

having an elongated cylindrical shape that is rotated by

10 an electrical motor drive source 13 at a uniform speed

about an axis 15. Carried on the cylindrical outside

surface of the cathode 11 is a layer of target material

17 that is sputtered away during the deposition process.

A substrate 19 is moved along a path 20 that is

1s perpendicular to the axis 15 of rotation of the cathode

11. The substrate is moved in one direction along that

path by some convenient mechanism, such as supporting

rollers 21 which are driven by an electrical drive motor

23. An elongated permanent magnet structure 25 is

20 positioned within the cathode 11 and faces toward the

substrate 19 tlhiat is being coated. The magnet structure

25 does not rotate with the target 11 but its stationary

position can often be rotatably adjusted somewhat. The

magnet structure 25 contains magnets continuously along

25 its length. This length determines the width of a

deposition zone. The width of the substrate 19 is

slightly less, as a maximum, than the length of the
magnetic structure 25.

The deposition process takes place within a

30 vacuum chamber 40 generally formed by metallic walls, as

schematically indicated by the dashed line 27 of Figure

l. A vacuum pump system 29 maintains the pressure

within the chamber at a low level consistent with the

process being performed. A process gas is delivered




20 -.positioned within the cathode 11 and faces toward the substrate 19
that is being coated. The magnet structure 25 does not rotate with the
t‘aryget 11 but its stationary position can often be rotatably adjusted
sonewhat. The magnet structure 25 contains magnets continuously al ong 25
“its length. This length determnes the width of a deposition zone. The
width of the substrate 19 is slightly less, as a maximum than the |length
of the magnetic structure 25. The deposition process takes place within a
30 vacuum chanber 40 generally fornmed by nmetallic walls, as schematically
I ndi cated by the dashed |ine 27 of Figure 1. A vacuum punp system 29

mai ntains the pressure within the chanber gat a low I evel consistent with

t he process bei ng perforned. A process gas is delivered 9 into the

chanber 40 by apdtdethd cHambérer 4b0By Oh ¢RI, f beMataPPEYra3-oflhe

cl ass of rragnetron\lélusérated I n Fiqu gs 1 and 2 1s electrically powered
by direct curré‘?ﬂn‘% .fC'.) ?%M“B%g@ 37. Anot her class of magnetrons
utilize various forns of The exluss of magnetsen ddidustratede ivaFigureaspect s

of the present 4 J ' LRI t f etron.
But in Ito he oneil H‘ﬂas]?r g%e?%%%éﬁ% 22p§5 g%géé,£¥ haéﬁééa o%?s‘%&qr’
connected tS a RAWRX i §UPPLY: dde r Anathar (@lassobimagnetngnsetidiize 27,

whi ch are generalddouli PbAn8CS£ala ik DG C6F 1 pulskdl Girdtentised iy the
target 17 is also yoade to be electrigcall condlﬁ ve so.that the outside

surface of the VRS nAsRechs | of the | Present,; inKentien, alsp; e
vol tage. Very aigpiicabidiitysitdethutf type of nignerrtaon. i Butadn thehoneer

wall's 27 are U%Lefjl\?étxti'@e&m(_lge Figures 1 and 2, the cathode 11 is

10 connected to a negative voltage relative to that of the
chamber walls 27, which are generally maintained at
ground potential. Material used for the target 17 is
also made to be electricaily conductive so that the
outside surface of the target material is also

15 maintained at a negative voltage.

Very often, the inside surfaces of the
metallic vacuum chamber walls 27 are used as the anode
for the sputtering apparatus. 1In this case, the walls
are . still maintained at ground potential.

20 Alternatively, others utilize a separate anode 39
positioned on an opposite side of the cathode 11 from
the deposition zone 35. The anode 39 is then maintained
at a positive voltage by connection to the power supply
37.

25 -In the example of the present invention being
described, the target material 17 consists essentially
of silicon. It is desired that the target 17 include
only the silicon element but since it is non-conducting,
a snall percentage of an electrically conductive

30 element, such as aluminum, is mixed with the silicon.
The percentage of aluminum is generally in the range of
about 2-10 percent by weight. Since aluminum atoms are
also sputtered off of the target along with the silicon
atoms, only enough aluminum is included to give the

35 target material a level of electrical conductivity
necessary for operation of the magnetron. Such a low



for the sputtering apparatus. In this case, the walls are stil

mai nt ai ned at gr ound potential. 20 Alternatively, others utilize a
Separate anode 39 positioned on an opposite side of the cathode 11 from

t he deposition zone 35. The anode 39 is then nmaintained at a positive

vol tage by connection to the power supply 37. 25 In the exanpl e
of the present invention being described, the target naterial 17 consists
essentially of silicon. It is desired that the target 17 include only the
silicon elenment but since it is non-conducting, a .snall percentage of an

el ectrically conductive 30 elenment, such as alumnum is mxed with the
silicon. The percentage of alumnumis gegerally in the range of about 2-10
percent by weight. Since alum.numatons are al so sputtered off of the
target al ong vviﬁfbpbftsbhi i eomdnctive) matephall doesimniot i seemddwd to
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10 silicon that is to be deposited as a f£film on the
substrate 19, one or more reactive gases is also
introduced with the noble gases through the conduit 31,
or a separate conduit (not shown). For exampie, if a
_ film of silicon dioxide is being deposited on the
15 substrate 19, oxygen is introduced into the chamber 40
as the reactive gas. If silicon nitride is being
deposited as the film, on the other hand, then nitrogen
is the reactive gas introduced into the chamber 40.
More than one reactive gas can be used, depending upon
20 the specific film being deposited. The reactive gas
chemically reacts at the surface of the substrate 19
with atoms of silicon sputtered off of the target 17 in
order to form the dielectric or other compound that is
béing deposited. The deposition is carried on within
25 the chamber 40 at a very low pressure, generally within
a range of 1-10 milli-Torr.

Before discussing the specifics with regard to
mixing two.or more noble gases together, other process
parameters involved in the deposition of a dielectric

30 such as silicon dioxide are explained with respect to
Figure 3. The deposition rate is shown in the vertical
axis while the relative proportions of flows of reactive
and noble gases are shown along the horizontal axis. A
curve 43 shows the effect of changes in the relative

35 proportions of reactive and noble gases on the
deposition rate. At one extreme 45, the deposition'rate




filmof silicon dioxide is being deposited on the 15 substrate 19, oxygen

is introduced into the chanber 40 as the reactive gas. If silicon nitride
I"s,.bei ng deposited as the film on the other hand, then nitrogen is the
reactive gas introduced into the chanber 40. Mre than one reactive gas can
be used, dependi ng upon 20 the specific filmbeing deposited. The
reactive gas chemcally reacts at the surface of the substrate 19 with
atons of silicon sputtered off of the target 17 in order to formthe

di el ectric or other conpound that is being deposited. The deposition is
carried on within 25 the chanber 40 at a very |ow pressure, generally
within a range of 1-10 mlli-Torr. Beforeaxiscussing the specifics with
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chanber 40 is , Nho noble gas I ng 1 ntroduced. The
preferred operat hygtevasis portienef & ame 43.ng d&s the FRELAPcd by

a shaded area g9, ig) FofwsdF&di SoperateAgof range’ v&143. idhasohewhebe
region of 10a Q.;xg:.fe?:'ge%%atoéaeorta tié"'é‘ e:r-:g;]'ggesSalat !t%e Se% sWh ea.nd 47 of
the curve 43. This region is characterized by high
deposition rates and a fully reacted thin film deposited
on the substrate. _

The relative percentages of reactive and noble
15 gases within that range result in the partial preSsure
' of the reactive gas within the chamber 40 being
substantially zero. That is, essentially all of the
reactive gas introduced into the chamber is reacting
with silicon atoms. This preferred range can be
20 determined by measuring the amount of material deposited
on a substrate during a certain period of time for
various proportions of reactive and noble gases.
Alternatively, a quantity proportional to deposition
rate may be monitored in real time. One such quantity
25 that exists in some processes is the intensity of one or
more particular emission lines of the plasma. Plasma
intensity is then the quantity on the vertical axis of
Figure 3. Real time monitoring makes it possible, if
the particular process allows it, to provide automatic
30 control of the relative proportions of the reactive and
noble gases flowing into the reaction chamber in order
to maintain deposition rate within a range 53. As
mentioned above, silicon processes have not been stable
enough to allow such automatic control but the increased
35 stability resulting from application of the present

invention now permits it.



10 ,intermediate of its extremes at the ends 45 and 47 of the curve 43.
This region is characterized by high deposition rates and a fully reacted
thin fil,m deposited on the substrate. The rel ative percentages of reactive
and nobl e 15 gases within that range result in the partial pressure of
the reactive gas within the chanber 40 being substantially zero. That is,
essentially all of the reactive gas introduced into the chanber is reacting
with silicon atomns. This preferred range can be 20 determ ned by
measuring the anobunt of nmaterial deposited on a substrate during a certain
period of time for various proportions of reactive and nobl e gases.
Al'ternatively, a quantity proportional togleposition rate nmay be nonitored
inreal time. One such quantity 25 that exists in sone processes is the
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10 circuit 55 in the path of the lines from the power
supply 37, or by connection with the power supply
directly (not shown). A process controller 57 receives,
over lines 59, a signal representing one or more of the
voltage, current or power being supplied to the
15 magnetron cathode 17 within the chamber 40. The process
controller 57 controls, through line 61, the relative
proportion of the various gases from a source 33' of
gases that is introduced into the chamber 40. The
purpose of the control system is to maintain operation
20 with a minimum system impedance. By monitoring power
supply voltage, for example, as shown in Figure 6, the
relative percentages of reactive and noble gases are
controlled in this manner, in order t6 maintain
operation in the desired stable operating zone. One
25 advantage of the present invention is that, by allowing
the use of noble gases in reactive sputtering of
silicon, the process can be automatically maintained in
the desired operating zone. This cannot occur when the
atmosphere within the chamber includes only a reactive
30 gas such as oxygen. '

The present invention provides a greater
improvement when the power supply 37 is of a direct
current (d.c.) type, since the arcing problems are most
severe, but also provides improved operation when the

35 power supply 37 provides alternating current (a.c.) to
the magnetron 40.



particularly for silicon processes, sone characteristic of the power being
supplied to the magnetron chanber 42 is nonitored, rather than the
i'ntensity of a pl asma emi ssion line. This is acconpllshed by introducing a
10° «circuit 55 in the path of the lines fromthe power supply 37, or by
connection wth the power supply directly (not shown). A process controller
57 receives, over lines 59, a signal representing one or nore of the
voltage, «current or power being supplied to the 15 magnet r on
cathode 17 within the chanber 40. The process controller 57 controls,
through line 61, the relative proportion of the various gases froma source
33" of gases that is introduced into the gRamber 40. The purpose of. the
control systemis to maintain operation 28 with a mnimumsystem

iF'rrpedange hBy rrFnitori ngmev\%pya@p}wvelft Yised Oinﬁ@ﬂiééd dntohame i n

i gure the rel ati ve percentages, of ,reactive_and n $a r
controlled in (PRENEERA C&FH& (kﬁo ﬁEYéfﬁlﬂ EHBP ﬁgtﬁeéiﬁﬁqed
s':]abl ebopelr iat i ngobdacgaspna supplyd\éhtaf) cthé seeopdeaebﬂ.m gasnt and s

t hat y all ow id i con,
the process can&&&%t orrgﬁl ca%#wi%eg%tgglsnegt?%@?eiggﬁge&gdﬂa?{or%ézone
Thi s cannot5 occgaseh cean the Mm dmtrodncegh dntar themasnetsian o
reactive 30 Qé’ﬁaﬁBEi‘ av %f@@ﬂe shfieP tdnRN! Immvenaaaomdﬁs:mg&:eater

t wh 37 of .a d
S hce the ar ci EYEHER Ghborh Hanaures, En Thgp of cthe, LTHEMST dhasy
operation when f£¥em ¥he vErivus supplies into the mmhca:t ramgl gmmes(a c.)
to the magnetrop 0. yay¢d3 EBRtFUAP! B33! h%fsega%%d ntrodvped iggaddi®

10 controller 57 receives, over lines 61, information of
the individual gas flows and provides, over the same
line 61, control signals to operate the individual gas
supply valves. In the example of depositing silicon
dioxide film, the reactive gas source 67 includes

15 oxygen, one of the noble gas sources 63 or 65 contains
argon, and the other of the sources 63 or 65 contains
either helium, neon or both. Alternatively, another
source of noble gas can be included so that both helium

. and neon are combined with the argon for use within the

20 magnetron chamber 40.

The effect of different combinations of noble
gases and a procedufe for determining the relative
proportions of each of two different noble gases to be
used, will be explained with respect to the curves of

25 Figure 5. Curves 71 and 73 show the effect on power
supply voltage, when the total power from the power
supply is maintain constant, as the relative proportions
of two different inert gases are varied. These curves
approximate what occurs with a silicon target and no

30 reactive gas, where the noble gas #1 is either helium or
neon and noble'gas #2 is argon. The interesting effect
illustrated in i“igure 5 is that the voltage varies
considerably as a function the relative proportions of
noble gases #1 and #2, particularly at high power which

35 is usually desired in order to obtain a high deposition
rate. An optimum operating point, from a theoretical



magnet ron chamber 40 includes a supply 63 of a first noble gas, a supply 65
of the second noble gas, and a supply 67 of reactive gas. Qther reactive
and/or moble 5 gases can be enployed and introduced into the magnetron
chanber 40 at the same tine. A valve and flow neter system 69 both neasures

~the flow of the individual gases fromthe various supplies into the chanber
and provides for valve control of those flows. The process 10

controller 57 receives, over lines 61, information of the individual gas

fl ows. and provides, over the sane line 61, control signals to operate the

I ndi vi dual gas supply valves. 1In the exanple of depositing silicon dioxide
film the reactive gas source 67 includes 4§ oxygen, one of the noble gas
sources 63 or 65 contains argon, and the other of the sources 63 or 65
contains either podntusf neeworiscthat A relaeivechixtaret indicatedcadf
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Since these exact minima of the curves 71 and

75 may not be easily maintained in commercial sputtering

applications, operation is maintained within a range of

15 different proportions of noble gases #1 and #2. In the

case of films of silicon or silicon compounds, the noble

gas with the lowest atomic number will generally

constitute the majority. Helium (atomic number of 2)

and neon (atomic number of 10) are both lower in atomic

20 number than argon (atomic number 18). An operable

range, however, has been found to be broader than that,

namely 20 to 80 percent of the noble gases'being argon

and the balance being either neon or helium or a
combination of neon and helium.

25 Once one or more curves of the type shown in

Figure 5 are determined for a particular target material

in a particular magnetron sputtering system, a

proportion of two or more different noble gases is

established. It is then known that the partial

30 pressures of each of the noble gases within the

magnetron chamber 40 maintain that given percentage with

respect to the partial pressure of all of the noble

gases within the chamber. These relative partial

pressures are maintained by the process controller 57

35 (Figure 4) controlling the rates of flow of the two or

more noble gases into the chamber 40 with the determined



14 point of view, is that a relative mxture indicated at 75, when
operating at the | ow power of the curve 73, or at 77, when operating on the
hi gher power curve 71. It is the reduced power supply vol t age t hat
mnimzés the 5 probability of arcs occurring while, at the same tine,
resulting in a maxi mnum current for the given constant power. The system
follows a fundanental electrical relationship of the total power supplied
to the magnetron being equal to the voltage, applied across the 10 target
. and anode, nultiplied by the current so supplied (P =V x 1). Since these
exact mnima of the curves 71 and 75 may not be easily maintained in
commercial sputtering applications, operation is nmaintained wthin a range
of 15 di fferent proportions of noble gas¥® #1 and #2. |In the case of
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10 It can be seen from the curves of Figure 5
that a combination of two noble gases results in the
ability to operate the magnetron with a voltage that is
significantly less than if only one of the noble gases
is utilized. 1Indeed, it is advantageous to be able to

15 1reduce that voltage, for a given constant power, by as
little as 2 percent. Even such a small decline in
voltage decreases the probability of arcs occurring. A
decrease of 10 percent or more in operating voltage
brings about an extremely large improvement in the

20 sputtering operation.

Although the method of determining a range of
useful mixtures of two different noble gases has been
described with respect to Figure 5 by holding the power
constant and measuring the voltage, the same effects can

25 be obtained by controlling and monitoring other
combinations. For example, rather than measuring
voltage when the power is constant, the current supplied
to the magnetron chamber 40 can be measured. The
current reaches a maximum where the voltage of the

30 curves of Figure 5 are a minimum. bperation- is then
controlled in order to obtain a higher operating current
than possible with use of only one noble gas.
Similarly, the voltage of the system can be maintained
constant by the power supply 37 and operation set for a

35 low power or high current. Lastly, the current to the
magnetron cathode 17 can be maintained constant,



pressures are nmai ntained by the process controller 57 35 (Figure 4)
controlling the rates of flow of the two or nore noble gases into the
chanber .40 with the determined - 15 relative proportions. Once determ ned,
thése relative proportions remain fixed while the process controller 57
varies the relative proportion of all noble gases and the reactive gases in
accordance with the relationship 5 of Figure 6, in order to maintain

. operation within the stable zone. As an alternative to the use of separate
sources of each of the noble gases, they may be prem xed in a single
container that is then used as the sole source of the noble gases. 10

It can be seen fromthe curves of Figure 55ghat a conbination of two noble
gases results in the ability to operate the magnetron with a voltage that
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t he magnetron chanber 40 can be neasur ed. The current reaches a maxi num
where the voltage of the '



30 .. curves of Figure 5 are a mninum COperation is then controlled in
order to obtain a higher operating current than possible with use of only
one, nobl.e gas. Simlarly, the voltage of the system can be maintained
cofistant- by the power supply 37 and operation set for a 35 | ow power or
high current. Lastly, the current to the nagnetron cathode 17 can be
mai nt ai ned const ant, 16 operation being set at a reduced voltage or
~dincreased power as a result of mixing two noble gases together. Al though
t he various aspects of the present 40 i nvention have been described
with respect to a preferred enbodinent, it will be understood that the
invention is entitled to protection wthiggthe full scope “of the
cl ai ns. 17 IT 1S CLAIMED: 1. A nethod of sputteri n m |\Hﬁﬁ(ﬂrﬁ

substrate mﬁtm115§§$§ih?g§@anber froma target surfac

substantially entirely of silicon naterial, conpri sing th t €ps "of °
introducing into the vacuum chanber a combination of gases mhlch

i ncl udes at | east one gasithaA mestthed wofh sputiteringn matenisl nanton &of
nobl e gases wh J&n%&@;@au VachAHS bhhibBE S 2Pbnal tapbet! @0 Ak A1

| east one of he |un1or mal ntai ni n

pressure of ar amp@sed nsabsiant isd ly cﬁﬁ‘?@rﬂaYSG’fpeﬁ%&fﬁ°%f %Pﬁ@raﬁt]al

parti al pressur&ﬁriﬁﬁgommégg &f: nobl e gases within the vacuum

chamber, and introducing into the wvacuum chamber a
combination of gases which includes at least one gas
that reacts with silicon and a cofpbination of noble
gases wherein the combination consists essentially of
argon and at least one of helium or neon,

10 maintaining the partial pressure of argon
within a range of from 20 to 80 percent of the total
partial pressure of the combination of noble gases
within the vacuum chamber, and

controlling relative proportions of said at
15 least one reactive gas and said noble gases within the

vacuum chamber.

2. The method according to claim 1 wherein
the step of controlling relative proportions of the
reactive and noble gases flowing into the vacuum chamber
includes maintaining - those proportions which

5 substantially minimize the partial pressure within the
vacuum chamber of said at least one reactive gas.

3. The method according to claim 1 wherein
the gas introducing step dncludes introducing
substantially only oxygen as said at least one gas that
reacts with silicon.

4. The method according to claim 1 wherein
the step of maintaining the partial pressures of the
noble gases includes the step of controlling a flow of
argon into the vacuum chamber that is within a range of



controlling relative proportions of said at 15 | east one reactive gas and
sai d nobl e gases within the vacuum chanber. 2. The nethod according to
claim1 wherein the step of controlling relative proportions of the
reactive and noble gases flowing into the vacuum chanber includes

mai ntai ning those pr.opdrtions which 5 substantially mnimze the

" partial pressure within the vacuum chanber of said at |east one reactive

g

gas. 3. -The nethod according to claim1 wherein the gas- —inAtroduci g step

i ncludes introducing substantially only oxygen as sal mE
that reacts with silicon. 4. The method according to cl ﬂm m““m‘t“
step of maintaining the partial pressuresq.@gf the noble s nnchudés the
step of control i ng a flow of argon into P’ e vacuum chanber that is within

a range of g rﬁ? dé?ftcefft aOi:o%alOwafbﬂvwé écoebDebiamt i on
of noble gases |nto t he vacuu%cha er. 5. 553 od according to claim4

wherein the st &f RORIAIFREEE 'FﬂetPFoVPG’PuEr fif6 the vacuum chanber
i ncludes controlling such flowto be |ess than 50 percent of the total flow

of the conbination of 5 obI aiqe?}j‘oné Oﬁé aﬁq#ng tﬁimﬁrtlg 'l'lt@n;ret hod

according to claim11 wher®rn TS pressures
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6. The method according to claim 1 wherein
the step of maintaining the partial pressures of the
noble gases further includes maintaining the partial
pressure of argon less than 50 percent of the total

5 partial pressure of the combination of noble gases
within the vacuum chamber.

7. The method according to claim 1 wherein
the gas introducing step includes introducing into the
vacuum chamber a combination of noble gases consisting
essentially of argon and only one of helium or neon.

8. The method according to claim 1 wherein
the gas introducing step includes introducing into the
vacuum chamber a combination of noble gases consisting
essentially of all of argon, helium and neon.

9. The method according to claim 1 wherein
the step of controlling proportions of the reactive and
noble gases within the vacuum chamber includes the steps
of monitoring a characteristic of a plasma within the

5 wvacuum chamber, and controlling the relative proportions
the reactive and noble gases flowing into the vacuum
chamber in a manner to maintain said characteristic
within predefined limits.



essentially of argon and only one of heliumor neon. 8. The nethod
according to claim1 wherein the gas introducing step includes introducing
inmto the vacuum chanmber a conbinati on of nobl e gases consisting essentially
of “al | of argon, heliumand neon. 9. The nethod according to claiml
wherein the step of controlling proportions of the reactive and nobl e gases
within the vacuum chanber includes the steps of nonitoring a characteristic

of a plasma within the 5 vacuum chanber, and controlling_the-relattve—

proportions the reactive and noble gases flowing into the v i [
a manner to maintain said characteristic within predefi necﬂmwﬂmmﬂm“\]

10. The nethod according to claim?9 Wnere'%g t he nonitoring Clwudes *
. nonitoring an intensity of one or nore radiation lines emtted by the

P' af”g- 11. TPe met hod ﬁcféf?iﬁﬂet_ﬂeﬁh?hﬁh&c}dﬁaﬁﬁbnt@%lm:ﬁ tsffdrﬁ?éﬂtr?p :
i ncl udes nonitoring a characteristi,c an elecgtrigal su 0 e rge
and an anode withf moMEering, ftep,Apsiudes mR"ﬁ'I%’Pﬁg goP'EBﬁ%taéﬁw r?a{taeri al
froma target sonéasr mbére safiavionallinesoemitbedcbyvthel plasmagnto a
substrate within a vacuum chanmber that includes an anode, wherein the

target surface and anode are 5 connected to an electrical power supply,
conprising the steps of: 31hiroBhei mgthed agsorging: tongladan fd whemedrent
nobl e gases in ﬂ&féfﬂ f&fégﬁ& dedCnbAl toPing '&! cdratratiid on of
said at 10 Ieats‘ta‘%ihf\%rty an sgccon ngl‘o:? gases . n orlglger to result, when the
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L3
L]

12. A method of sputtering material from a
target surface of a substantiaily non-conductive element
onto a substrate within a vacuum chamber that includes
an anode, wherein the target surface and anode are

5 connected to an electrical power supply, comprising the
steps of: _

introducing at least first and second
different noble gases into the vacuum chamber, and

adjusting a relative proportion of said at

10 least first and second noble gases in order to result,
when the electrical power from the power supply remains
constant, in operating at a voltage between the target
and the anode that is at least two percent less than
that when only any one of said at least first and second

15 noble gases is alone introduced into the vacuum chamber,
thereby to maintain a high rate of deposition and
reduced probability of arcing.

13. The method according to claim 12 wherein
the introducing step includes choosing each of said at
least first and second noble gasses to have different
atomic numbers, and wherein the adjusting step includes

5 maintaining the first or second noble gas with the
lowest atomic number as the majority of the volume of
noble gases introduced into the vacuum chamber.



and the anode that is at |least two percent |ess than that when only any one
of said at least first and second 15 noble gases is alone introduced into
the vacuum chanber, thereby to.maintain a high rate of deposition and
reduced probability of arcing. 13. The nmethod according to claim 12 wherein
the introducing step includes choosing each of said at |east first and
second nobl e gasses to have different atom c nunbers, and wherein the —

adj usting step includes 5 maintaining the first or secendmnoble gas wtl
the | owest atom c nunber as the nmgjority of the voluni§a

‘h
i ntroduced into the vacuum chanber. 14. The net hod mm‘“\mﬁm m 12

wherein the step of adjusting the relativeoproportion sal ¢ at' | éast
first and second nobl e gases includes doing so in order to operate with
sai d voltage being at | ecalt4.tdFhé pethethtadenyrdingta iekaimma? wheredry one

of said nobl e gage gé%ﬁp%rjdm tHe rehacile pPapbEtion Sof Ewidmd¢0d

according to claim erel 1T saldtarget surtace el Sists

nent co
essential |y of leaskdnirsts ang,Segand, pohleSRses liﬁ'csluﬁerﬁ £oing &P idR| udes
an additional s¢e@epfl tonopetatie'drith csdi@ vbithge bedny wtatledstnittent |y

onto the 5 Bundeetpentryest, EhAR: thac SRER ondaf 4H7 Mhe B2 WAL T o
an additional sg=pesfisnaboneningrpducedr éntiot the chembearber within a

range of fromone to ten mlli-Torr. 18. A nethod of determining an

optinmal m xture of gases for use in sputtering material onto a substrate
froma target surface withfn Thedmeheharrarding to claim 12 wherein

said target surface element consists essentially of
silicon.

16. The method according to claim 12 which
includes an additional step of introducing into the
chamber a gas that chemically reacts with said element
in order to deposit a compound of said element onto the

5 substrate.

17. The method according to claim 12 which
comprises an additional step of maintaining pressure
within the chamber within a range of from one to ten
milli-Torr.

18. A method of determining an optimal
" mixture of gases for use in sputtering material onto a
substrate from a target surface within a vacuum chamber
that includes an anode, wherein the target surface and
5 anode are connected to an electrical power supply, and
said target surface is composed primarily of a
'substantially non-conductive element, comprising the
steps of: _ '
introducing at least first and second
10 different noble gases into the vacuum chamber,
o commencing to sputter said material from the
target in the presence of said noble gases but without
the use of a reactive gas in the vacuum chamber,



that. i ncl udes.an anode, wherein the target surface and 5 anode are
connected to an electrical power supply, and said target surface is
conposed primarily of a substantially non-conductive el enent, conprising
the steps of: introducing at least first and second 10 dlfferent nobl e
gases into the vacuum chanber, commencing to sputter said material fromthe
target in the presence of sald nobl e gases but without the use—of—a_ __
reactive gas in the vacuum.chamnber, 21 during theJ nltorlng
- at least two 15 power supply pararret ers selected f '@IHEE

vol tage and current, and during the sputtering, alterlngCa re

proportion of said at |least first and sec nobl e gases in order to
determ ne a range of the relative proporti'oh 20 wherein said at |east two
power supply paranet ers aphrifghtAnBEubterify A 2 304t o The
met hod according to claim 18 erelin ﬁe non| orlng stﬁg I nc es

noni t ori ngd ﬁomeg°HﬁH BEPRLY Daramgters selected ¥ PP nef npawer,
additionally cowplitage ah@ %hg&eﬁtﬁnuuaeurnng substantially 5  constant,

duri ttering, th f ' tric yer I nd
Wheretn the step of al torAAE i For BRYFCRER (SR IRG A Falarive

i ncl udes doi ng proportichecof nsaidiak léust/cﬁims;emd seconidzaoble gaseent .
20, ihe method 3RCEEAEPILS CagtanAd dhd e tHIDRENAEINE BEBRokPELHICS

nonitoring voltﬁge and el ther power or c

addi ti onal 89 coWpereds ﬁm§4n4ﬁ)%ﬁaﬁﬁlﬁvalEPHGrS§HﬂB%ﬁ|Rﬂ#§ﬂ§#er%ohgeant
during sputtermagntaifedvelithgn a® act¥ptable range.

19. The method according to claim 18 wherein
the monitoring step includes monitoring power and either
voltage or current, wherein the method additionally
comprises <the step of maintaining substantially

5 constant, during sputtering, the power of said
electrical power supply, and wherein the step of
altering the relative proportion of noble gases includes
doing so to either minimize the voltage or maximize the
current.

20. The method according to claim 18 wherein
the monitoring step includes monitoring voltage and
either power or current, wherein the method additionally
comprises the step of wmaintaining substantially

5 constant, during sputtering, the voltage of said
electrical power supply, and wherein the step of
altering the relative proportion of noble gases includes
doing so to either maximize the power or maximize the
current.

21. The method according to claim 18 wherein
the monitoring step includes monitoring current and
either voltage or power, wherein the method additionally
comprises the step of maintaining substantially

5 constant, during sputtering, the current of said
electrical power supply, and wherein the step of
altering the relative proportion of noble gases includes



el ectrical power supply, and wherein the step of altering the relative
proportion of noble gases includes doing so to either maxi m ze the power or
maxim ze the current. 21. The nethod according to claim 18 wherein the
nonitoring step includes nonitoring current and either voltage or power,
wherein the nethod additionally conprises the step of maintaining :
substantially 5 constant, during sputtering, the current of -sald—
. electrical power supply, and wherein the step of altering the relat

e B ponte e el oSl i
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doing so to either minimize the voltage or minimize the
power.



