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Abstract
Reactive sputtering ratés of titanium in argon—oxygen.plasmas

were studied as a function of oxygen and argoﬁ partiél pressures in
an rf diode spuftering system at 2 keV bias voltage;‘ The sputtering
rate changed by an:or&ér of magnitude at a critical oxygen mole
fraction in the plasma.equal to 6.0070. This transition corresponds .
to the onset of target oxidation. The threshold for target oxidatibn
is shown to bé independent of the total plasma pressure, and to

be specified uniquely by‘a ﬁritical mole fraction of oxidant in the

plasma.

+This report was done with support from the United States Energy
Research and Development Administration. Any conclusions or opinions
expressed in this report represent solely those of the authors and
not necessarily those of The Regents of the University of California,
the Lawrence Berkeley Laboratory or the United States Energy Research
and Development Administrationm.

*
Current address: General Dynamics/Pomona Division, Pomona, Calif. 91766.
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Introduction

Reactive sputtering is aﬁ important industrial -

process used for the preparation of dielectric films for optical and

electroﬁic applications. -2 The reactive sputtering process ‘involves the
sputtering of a target material in a plasma.containing a partial pressure
of a reactive gas suéh as oxygen. S Aﬁ important problem

with this process is that the sputtering target can be oxidized by

the reactive gas. As a consequence of‘parget oxidatiOn, significaht
transients can océur in reaqtive sputter rate processes and also in -

the stoichiometry of the'depositedlcompound,film. It is important

to establish the criteria for the onset.of target oxidation and its‘
effect on rate processes for the optimal design of industrial reactive
sputtering processes. . In this study, the factors detefmining the

onset of target oxidation of titﬁnium are explored duringlr.f.'spﬁttéring '
in an argon—oxygen plasma.

Step-like transitions in feactive sputtering rates of metals
have been reported in several earlier studiés‘of rea@tivé'sputtering.3-6
Stirling and Westwood found a transition.in the sputteringbrates
of aiuminum in an érgon—oxygen plasma which was élosely felaﬁed td
a chemical surface reéction on the aluminum target;s Heller

performed similar experiments to determine the target oxidation

* threshold for the reactive sputtering of iron, cobalt and silver“in

an argon-oxygen pl‘asma.'6
Heller has proposed that the-targef oxidation effect should - °

occur at a'critical partial pressure'of.the’dxidizing»component for which



the target oxidation rate equels_the_sputteriﬁg:rate of the target-
by‘the reactive plesma. Although the criterion —-

that the oxidation rate should exceed the‘spﬁtter etch rate for

target oxidation —- is intuitively valid, it was anticipated by the authore
the reactant mole fraction rather than its partial pressure should

be the controlling process variable. 1In particular, it is the relatiVe
rates of oxide formation and removalvwhich are important investablishing
a target oxidation threshold. The oxidation rate is of couree'
eontrolled by the rate at which oxygen is made evailablevto the target,
whereas the sputtering rate is controlled by the sputtering conditions{
Therefore, in eddition to plasma partial pfeséure'effects, the

materials properties of the target metal and of its oxides, as well

as the sputtering energy density should alse contributeete the

criterion for the onéet of.target oxidation. In this study, the -
piasma partial pressure dependence of the criterion are examined in
detail at a constant bias potential, with other sputtefing conditions

held constant.’

Mechanisms of Target Oxidations
The oxidation Qf metallic targets during reactive sputtering
can occur by several mechanisms involving.collision of oxygen
species from the plasma with the target,.or by chemisorptien of
oxygen followed by an oxidation reaction. Schroen‘examined'the 
physics of the oxidation process during plaema anodization, and

presented a molecular model for the reaction.7 The initially neutral
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sﬁbétrate is raised to a negative potential by the mobile plasma
electrons. This négative potential attracts O; ~oxygen ions as
well as ,A: ions to the target surface. The 0; ions enter the
target as 02 'neutrals,.diffuse into the metal 1attice, and react to
form an oxide. The model is still tentative, as Scﬁroen states, and
lacks quantifying formulae. »O{Hanlon reViewed plasma anodization
mechanisms, and presented a model very similar to Schroen{s.
O'Hanlonvproposed an additional mechanism, namely, that 0;. ions
originating in the plésma are accelerated by the bias field and
'implénted directly-int§ the target. This model is supported by
measurements of Whitlock and Boundeng‘and by Thompson10 who weré
unable to detect any measurable.negative ion currenf density in the
negative gléﬁ of an oxygen discharge. The target oxidation mechanism
'proposed by Greiner is similar, involving incorporation of atomic
oxygen in the oxide during rf sputtering; fﬁllowed by diffusion to
the metal-oxide interface.ll Nofwithstanding the efforts to arri§e'
at a quantitative model for the oxidatipn phenomenén,‘Leslie.an&.Knorf
have conéluded, from their,investigatioﬁ of the'plasma\oxidatiOn of
taptalum;'that the complex interfelation of system pafameter;.éﬂa
the preéént dearth of experimental work‘prohibit the formulation of
ahy compléte model.12 These conditions ;pply to-the low rangé‘of
sputtering energies below 5 keV, whereas at higher eqergieé the
sputtering yiéld'also depends on the atomic numbers of_the spﬁttering'
and target atoms.13

Actually; certain differences in ;arget oxidation mechanisms

of the two processes can be expected because the plasma anodization



process is carriedvout_under conditions which are distinctly
different from those of reactivé sputtering. A significant diffefence
is that the voltage developed on the target during reactive sputtering
vis much higher than for plasma anodization. Also, during plasma:
anodization the target surface is separated from the negative glow

by an ion sheet which is short compared to the mean free path, whereas
this is not so for reactive sputfe:ing. Nevertheless, tﬁe target
oxidation rate for-both processes should be proportional to the

flux of oxygen-containing species reaching metal target such 55
titaniﬁm because of the high reacfivity of metallic titanium.

The rate of target oxidation by either of these mechanisms is

R_=0.N | : (1)

where N is the flux of the neutral and charged species of 02 toward

0y

the target and o is the oxidation probability, provided that the

0,

process of O2 chemisorption on the target sﬁ;face'is rate controlling.
The partigl pressufe of 02 ‘in the plasma should be the same as the
concentration of oxygen entering the chamber, since the rate of the
oxidation reaction is small compared to the flow rate.

The rate of sputter etching of the target by argon and oxygen

specieé can be represented by

Rop = Ny Spp + N02802 @



where NAr is the argon_flﬁx to the target surfacé,'heré‘takihg into

account both charge& and uncharged species, and Si'.is_ﬁﬁe sputter
yield of speqiesv i... Accordinglto'thevthéory'of>Sigmund;l4 'Si is
inversely proportional to Eb » the target surface Binding-energf,
and proportional to the molecular weight-of the sputtering ioh.
The exﬁefimental work of Almén and-Brﬁ;:el5 and of Résenbérg‘and
Wehner16 show that Eb can be assigned a value equal to ﬁhé heat of_
véporizatiqn for the target metal, and to thé heat of atbmizatioﬁ
‘of its oxide.

The onset of target oxidation occurs when the sputtering,rate
" and oxidation rate are eqhal.v ﬁQuating Egs. (1) and (2) tﬁen gives.
N, | B P

2 , |
%, Nor ¥ Noz(soé/SAr) Par T BB

(3

i by O2 to

that byv Ar , and is a function of the molecular weights of 02, and

where B is the ratio of sputtering yields of T

Ar . For:sputteripg energiés_in the low keV range, Sigmund's

17,18

theory as.modified by Nghi and Kelly™ leads to the value

B = 1.02 2(0:83)

5(0.665) ;.27 - ' o (4)

Alternately, on the basis of simple sputtering theory where 8 is

equal to the moleculér~weight ratio we have

=

2
MAr

B=-2=0.801. " (5
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Therefore, we can conclude that B is nearl& unity. The actual
value of B should differ from the above apprdximate value since
simple sputtering theory should not hold for multi-element targets.

However, the above approximation should not give significant error'

>> .
when PAr 'Poz |

From Eq. 3 it can be anticipated that the omnset of target
oxidation corresponds to a coﬁstant partial oxygen flux to the surfaée.
It can be expected that pressure effects and sputtering ion energies
contribute to the threshold for target oxidation by affecting the

fluxes of 02 and Ar ions, and neutral spécies; to the target surface.

Experimental

The‘sputtering apparétus used in this study was a diode
sputtering system attached to an oilldiffusion—pumpe& Qacuum system.
consisting of an NRC series VHS 6~in. diffusion pump, a.ﬁelch liquid
nitrogen cold trap and a Welch 7 liters air/sec centrifigalvroughiﬁg
pump.19 This system could achieve én ultimate pressure Below 10—7 torr*
with a maximum argon fiow rate of 150 S.T.P. ml/min. The sput;ering
target was a water—cooied, titanium disk 15;24 cem (6 inch) in diameter.
The titanium purity was 99.95% with Fe the major iﬁpurity.

The chamber pressure was monitdred simultaneoﬁsly by a Pirani
GP—BiO Gauge (ranges 0-100 mtorr and lOO'mtorr to 760 torr). The
flow rates of oxygen and afgon were controlled byvpréssure regulators

and microflowmeters in a metering system shown in Fig. 1.

% 1 torr = 133.322 Pa .
**Continental Metals, North Hollywood, CA.

k%,



The oxygen.flow—meter’was capablé'of metefing:fidwfrates;befween.
0.2 and 15 ml/min. The'éas passed from the flowmeté;vthtough a’éﬁut—
off ﬁalve, an in-line filter and a double-ﬁéttérn'neédle valve fdr, 
fiow control. The filter removed partidles greater.than 7'um iﬁ'diameter,
wﬁich might have obstructed flow through the'needlé valve. Tﬁg
o#ﬁgéh was'mixed‘ﬁith the argon'stféam and passed through a Héstings4l
Raydist mass flow meter, whgre'the total gas flow and,-By diffexeﬁce,
the érgon flow rate were measured. Following fhe Hastihgs meter, ﬁhe
gas could be sent through a positivé diéplacement flonetef'to.vénp,
o%'dirécﬁlf iﬁtO‘the sputtering chémbér; 'The'positive displacement
ﬁeter_providea a means for periodic detection of any flUCtdétiqns in
the meter calibration. Loééﬁed immediately before the-chémber inlet :
was é Cartesian Manostat #6A;.which'provided.pressure'reggiatioﬁ in
the flowline. |

The. Ar feed wasvsimilar to the _02 line, except that the tank
regulator.sufficedbto coﬁtfol deliyery pressure; there was no | |
ﬁicrofloﬁmeter in th;s line. .The Ar gas'was_certified’b§ the
supplier as 99.998% pure. A titanium‘gettering furhace operated ét o
SSQQC was used to remove ox&gen impurities'f;om the.high purity argon '
. gas. The bias‘voltage‘was maintaingd af. 2 keV' for all expefiments.
-Reaétivély sputtered films were produced féinxygen mole ffactibns
in'the range‘from 0 to 0.15. The tdtal'éYSteﬁ.bresSufe was limitéd

to the range between



5 and 30 mtorr bécause of power matching problgms. A total sputteriﬁg

pressure of 25 mtorr produced the optimal power match. This pressure

corresponds to a calculated meén—free-path of 0.45 cm, and is

nearly edual to, but less than, the ground shield spacing of 0.5 cm.
Film deposition experiments were conducted using optiéal—grade

quartz and thin‘cover—glass slides as spbstrates{ The film deposition

rate was measured by masking part of the substrate during the sputtering

period, then.mgasurihg the heigﬁt of the étep produced by the

deposit with a Tally-Serf Analyzer. This mgthod of measﬁrement had

an absolute accuracy of about *5%. The density, thical spectra

and electron diffraction characterisfics of sputter deposited films

. . . : 20
were also measured, and those properties are reported elsehwere.

Results

Film deposition ekperiments were conducted uéing optical—grade
quartz and thin glass slides as substrates. The film deposition rate
was measurgd by the thickness of the. film deposited on the substrate
as a consequence of sputtering for a fixed period of time, typically
30 min to 2h. The dependence of the deposition fate as ‘a function
of plasma oxygen mole fraction for a totél plasma pressuré 6ff25_mtorr
is shown in Fig. 2. The critic#l mole fraction reqﬁired.for the

T %
detection of oxidation products on the target is denoted by Yo For
2

% . v
oxygen mole fractions greater than Yo s the deposition rate and film
properties were invarient with Yo. » which allows easy control of the

{reactive
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< Yo thé.rate varied markedly

sputtering process, whereas for'.yO
S 2 2

The onset of target oxidation could be established Quite clearly
fgom a humber of indications. .The piasma colér thle sputtering Ti
in pure argon under non—reactive éonditioﬁs was deep blue. Oncevan
§xide layer formed onlthe:target% the color becéme pink, attributable
to-intermediate.o#ide species such'as Tiorbpfesént.in.fhe'piéspa,.

:or to optical emission from excited O; ions; The‘transitién pgriod
could be nqted by the time reéuired-for.the coior éhgnéé.‘ Coqcurrent
with the éhange in cpl§t of the piasmé, the dc bias %ol;gge ghowed
- a deérease of as mﬁch as 30%, and the circuit iﬁpedancenmismét;h
increased, resulting in an increase in reflected ﬁower. The éffé;t
of the oxide_layef formed 6n the targétisurface was to interpose' |

a dielectric material into the cathode-anode regiﬁn, increasing the
impedance and detuning tﬁe power métching circuit;

The éffects of oxidaﬁion on the oBservABle systeﬁ pg;am¢té%s is
illustrated in Fig. 3, which shows the relative plasm; int;nsity"in the pink
spectral range, fhe:rf for&ard power, énd the‘ de -bia$v§§ltagés:_
versus time following thebédmiséiénvof éxygen-into, or rémoval ffom,
the plasma, for Yo = 1.4 y; . The effeét éf o#idation on s?§teq
2= 15 * R -
. 2 yoz . L § .
The transitions are significant}y slower for y02_>> yOé |
yo 2 y; .  Tﬁe,clgéf transition of each expefimentél,variablé

V2 2 o | e
indicates a basic change in the oxidation state of the target. The

parameters for Yo is also shown in Fig. 3.

‘than for 

oxidation of the target above the threshold was confirmed by removing
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the target from the sputtering chamber for visual inspection and surface

el

conductivity measurements with a 4-point conductivity probe.

The pressure dependence of the critical-oxygen mole fraction in _ ‘ -~
the plasma required for onset of target oxidation was studied by varying
the oxygen flow rate to the spuftering chamber at fixed values of the
argon flow rate;‘ Before each experiment the Earget'surface wés etched
in pure argon:fof a periqd, typically 10 min;, sufficient to produce
the characteristic spéctral color of an oxygen—free plasma. A given
oxygen flow rate was then turned on.and changes in plasma.cqlor; bias
voltage and reflected power were observed. The critical mole fractipn
and partial pressure of oxygen were then obtained by plotﬁing'the magni;udes
.of'procéss4sensitive'parameter changes against oxygen mole fraction
and thén extrapolating the magnitude of the parameter changes fo zero.
These results are shown in Fig. 4, It was found that the measured
critical mqlg fraction, yzz ,.was indépendent df total'systeﬁ pressure,
whereas the okygen partial pressure varied linearly with total pressure.
The critical plaéma oxygen mole fraction was found to be 0.0Q70.

The sputtered films were charactefized by reflection electron
miéroécopy, electrical conductivity and uv—visibie spectroscopy.
All the films‘spﬁttered at room temperature where ém.orphous.19 ‘The | .
density of sputtered films followed closely the trend found in thé
sputtering raté'dependence dn_bxygen mole fraétion, with.aﬁ obvious

=Y, .20 The sputtered film density was independent

transition at
’ 2 2

Yo

x .
of Yo for Yo > Yo - In this range of Yo. . the band gap energy of

2 2 2 2
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3.76 eV was found for sputtered films, which is close to the value

21
2"

found by Lakshmanan (3.65'ev)‘for "Ti0
Discussion
-An ‘order of magnitude change in sputtering.rate-was,fouﬁdito

: ‘ * '
occur at a critical plasma-oxygen mole fraction Yo equal to

0.0070. Tﬁis tranéition in rate was coﬂfirméd fo cirreépbhd,to the
onset of oxidation of the target suffacé, The reactiveﬁépﬁ;tering
rate'declinedlas_the oxygeﬁ'mole fraction was varied .from |
0.3 ygz to '1.3y;2 , . indicating an apﬁar?ptly,continuous chgnge in
the étoichiometry pf thg,amorphous. Tio‘x .oxidevlayer §n<théutarget,'
' of-qlternately, to a gradual chénge in'surféce coverage of a stoich-
-lometric oxide.

v.The critical oxygen partial préssure of;0.0d70_can-5e substituted
into Eq. 3.with B = 0.801 to determine the,épproximéte relation

between the argon spUttering rate and the oxidation probability. The

derived relation is then

It is possible that the iow apparent spﬁttér yiél& at the criiical
- mole fraction is cauSed>by the formation of stable titaniumvoxidés
from chemisorbed dxygeh'on_the térget‘surface;

Thé'experiméﬁtal results showed:£hatvthé’critiCal_dxygen mole

fraction Yo s Was independent of the total plasma pressure, whereas:
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the critical dxygéh partial pressure increased linearly with total
sysfem.pressure. This result is in agreeement with the theoretical
model presented above, which predicts that the onset of target
oxidation corresponds to a constant partial oxygen flux to the target
surface. The theoretical model is limited to fhe pressure range

where P0 << PAr » which is satisfied by the experimental conditions.
2 ' : ' - -

The target oxidation effect has an impaét on industrial,
reactive sputtering processes. ' In the preparation of thin-film

capacitors by the reactive sputtering of titanium, a layer of

metallic titanium is deposited, followed by a layer of TiO2 .21

When the plasma gas is changed from pure argon to an argon—oxygen
mixture, an order of magnitude change in sputtering rate takes place

gradually as Yo increases. As a consequence, the stoichiometry
2 ' . .
of the deposited material can vary with time unless the target is

shielded during the gas—exchange process.
An important résult of this study is that the reactive sputter

deposition of TiO, can be achieved with as an argon plasma containing

2 .
oxygen mole fractions in excess of 0.0070. The fact that the sputter

deposition rate is independent of Yo in the range 0.09 f_yo < .15

2 2

indicates that TiO films can be sputter deposited without precise ' -

2

control of the reactive gas composition.
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