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ABSTRACT

N Z

Reactive co-sputtering is a means to create films of custon Reactive Gas SRS
ized or graded index of refraction. This gives the optica 7. R

__——— Substrate

coating designer new options, and enables practical realiz e é\

tion of new classes of coatings. Two neighboring targets me /’ #% \Z'“&\

be sputtered such that material from both targets and reacti L I ~N

gas are incident on the workpiece, depositing a film consistin (?/ 74 N\ '

of a compound. For example, if one target is Si and the oth / >3

Ti, with oxygen as the reactive gas, then the index of the filr Target A “J o> Target B
may be adjusted over a range of approximately 1.5 to 2.4 & Metal A Metal B

varying the power to each magnetron. Factors limiting appli
cation of reactive co-sputtering include the disappearing ar
ode effect when DC supplies are used, and difficulty adjustin | o | ) | .
the relative power to the magnetrons when mid-frequency Al

supplies are used in dual magnetron sputtering. Howeve .
current source pulsed supplies can independently regulate . .
power delivered to each magnetron (in dual magnetron spu_lt:-'gure 1: Mid-frequency dual magnetron reactive co-sputter-
tering), while eliminating disappearing anode effects. Thid"d arrangement.

enables reactive co-sputtering of optical films. We present

optical films, having a customized index of refraction depos- ) ) ) )
ited by mid-frequency dual magnetron reactive co-sputterind-C-SPuttering of two different materials has typically been

with independent target power regulation and show the abilitgccOmPlished with ion beam sputtering or the use of RF or DC
to create films with a range of indexes. Supplies to deliver power to sputtering targets in diode or
magnetron configurations [1, 2]. The advent of pulsed sup-

INTRODUCTION plies, which can reliably regL_JIate the power delivered _to each
magnetron, is a key enabling technology for reactive co-
It is possible to configure a sputtering system such that twgputtering in a conventional dual magnetron sputtering (DMS)
different target materials are sputtered, with the power to eagttrangement. Pulsed supplies inherently offer more flexibility
of the targets controlled independently, as shown in Figure In control of the process. They provide the capability of
Thisis called co-sputtering. When co-sputtering is performe¢hdependently regulating the power delivered to each magne-
in the presence of a reactive gas, it is called reactive c@ron. Independent regulation enables the creation of con-
sputtering. The motivation is creation of controlled mixturesrolled mixtures of materials in the film when dissimilar
of materials in the film deposited by the process. Reactive conaterials are used for the magnetron targets. This allows

sputtering is appealing because it can deposit films otherwisfe creation of films with customized or graded indexes of
unrealizable. It allows, for example, the creation of films withrefraction.

customized or graded indexes of refraction. For example,

SiO, can be deposited with a refractive index of about 1.5 angecently, development effort has focused on pulsed current
TiO, can be deposited with a refractive index of about 2.4. I§ource supplies [3, 4]. Commercial availability of high power
a co-sputtering arrangement is configured with one Si targejulsed current source supplies at the 120-kW level began in
and one Ti target, the ratio of Ti to Si can be varied byarly 1998. The first commercial 200-kW unit was shipped in

controlling the power to each of the magnetrons. Therefore, igarly 2000 [5]. Similar supplies at the 20-kW level were
principle, itis possible to “dial” the refractive index anywhereayailable in 1996 [6, 7].

between 1.5 and 2.4.
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Co-sputtering has typically been reported on a small scale. Fhe model used was based on one due to Moradi, et al. [13].
constant concern in the large-area coating community i§his modelis essentially an extension of the static Berg model
scaling to large substrates, with sizes appropriate for architeft2]. The calculations are performed in a single pass by an
tural and automotive glass, as well as large web coaterExcel spreadsheet. The model shows that important process
Results for large-scale inline coaters were reported in 1991 [8utputs such as deposition rate and process composition are
9, 10]. Several issues of scaling, such as thickness uniformigingle-valued functions of the reactive gas partial pressure.
and film quality, were addressed. However, those process outputs may have multiple values
with respect to flow in some process regions.
The potential of reactive co-sputtering has motivated several
workers to address process models. An early attempt &he model is shown schematically in Figure 2. The variable F
modeling co-sputtering processes focused on process voltadenotes the flux of reactive gas to the surfaces of Target 1 and
and current as model outputs [11]. Almost ten years later, aharget 2 and the Chamber Surfaces. VariahlasdJare the
extension of the Berg model [12] was introduced whichsputtering ion fluxes to the surfaces of Target 1 and Target 2,
showed that the process curves look qualitatively like thoseespectively. The fractions of Target 1 and Target 2 covered
for simple reactive sputtering [13]. by the reactive compound are representedhyand O,
respectively. These are the so-called coverage fractions. The
A detailed investigation of co-sputtering, based on processn flux tends to reduce the target coverage fraction by
modeling, has shown that more than one enabling technologputtering the compound molecules away. In contrast, the
is required. Pulsed dual-magnetron sputtering with indepemeactive gas flux tends to increase the coverage fraction by
dent regulation for each magnetron is the required basé&rming more compound molecules on the surface. The sput-
However, a closer look shows that both the composition of thiering yields are typically quite different for the compound
film and the deposition rate are in fact functions of the partiahnd the target material. When everything is considered, there
pressure of the reactive gas. This result indicates that partigla unique equilibrium condition for the coverage fractions of
pressure control will allow operation in the transition regionthe two targets which is calculated by the model [12, 13]. The
and may also be required in order to achieve high quality filmehamber surfaces are conceptually divided into two sections.

of consistent composition and thickness. The first section isimpacted by Fthe metal flux from Target
1, and F,, the compound molecule flux from Target 1. The
MODELING fraction of the Chamber Surfaces occupied by Metal 1 is

: . i I . designated by y. The fraction of y occupied by reactive
The notion of reactive co-sputtering is fundamentally Slmplec?mpound is represented By_. The second section of the

Two different target materials are sputtered in the presence & amber Surfaces occupied by Metal 2, is impacted,hy F

a reactive gas, such as oxygen or nitrogen. If either targﬁ%e metal flux from Target 2 and Fthe compound molecule
material is reactively sputtered alone the resultis atranspareﬁn

dielectric film with a distinct index of refraction (the choice of ux from Target 2. This section is represented by (1-y), and

target material and reactive gas to yield a dielectric is assum%ye fraction of it covered by reactive compound is denoted by

. . . ) : The notion of a compound molecule flux was introduced
here, since the paper is on optical films, but is not always the?2s . L
L as an effective simplification to the model [12, 14], although
case). These two possible indexes represent the extremes .
. It does not capture the exact physics of the process. The model
seems reasonable to expect that any index between the tw

extremes could be obtained by varying the relative fraction ‘%Cl::late: a l;?]lgl::e e_lg#él'E:}'glmsfgr(%é&tingaeléa tl);i}et(:]gr;nﬁu i
each target material. It may also seem that the relative fractiofy?’ cv = M2’ ¢ P P

of the target materials in the deposited film could be varied b&eactlve gas flow. A contlnu_|ty equation gquates mpgt reac-
: Ive gas flow to the cumulative consumption mechanisms in
controlling the power to each target. A process model w

e process. These include getter pumping at Target 1, Target

used_tg explore _the_se _expectatlons, and the re_s_ults Wei,eand the Chamber Surfaces in addition to the reactive gas
surprising. Modeling indicated that not only deposition rate

but also relative composition of the film is a strong function Otfemoved by the system pump.
partial pressure, f_or reah_stl_c rez_ict|ve gas partial pressures f,q system modeled was Ti and Al, with&3 a reactive gas,
the transition region. This implies the need for reactive gas.

. - . yielding compounds TiQand ALO, at the extremes and
partial pressure control to successfully deposit high qualit iAl O inthe middle. The ex ectedaran e of possible indexes
films by reactive co-sputtering, particularly in the transition. = x"y ) P g P

region is appro_ximate_ly 1.66 to 2.4. Parameters used for the mod_el

' calculations, with references and comments where appropri-
ate, are listed in Table 1. The model was configured to provide
rate versus flow, flow versus pressure, composition versus
pressure, and rate versus pressure.
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Target 1 Target 2 Rate (A. U.) vs. Oxygen flow
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Figure 3: Model calculation of rate versus flow.
Figure 2: Reactive co-sputtering model diagram.

Figure 4 shows the flow versus pressure curve which accom-

Table 1: Reactive co-sputtering model parameters. panies Figure 3. The transition region is the decreasing portion
from about 0.01 mTorr to 0.09 mTorr. Flow decreases mono-
Parameter Value Comments tonically with pressure in this region, suggesting the possibil-
Ti sputtering yield 05 [14] ity of partial pressure control.
Ti02 sputtering yield 0.017 [14] Oxygen flow (sccm) vs. partial pressure
Al sputtering yield 0.8 [15]
- - 15 e e e e o e T
Al O, sputtering yield 0.025 [15]
Sticking coefficients 1 [12, 13] 10
Ti target area 0.068 Estimated t
Al target area 0.068 M Estimated 5
Chamber area 1.46°m Estimated |
Ti target current densityy 294 Afm 1 kw, 500 V 0 i
Al target current density 367 Afm 1 kw, 400 V 0.0 01 0.2 0.3
Pumping speed 465 l/sec Measured Oxygen partial pressure (mTorr)
Gas Q Figure 4: Model calculation of oxygen flow versus oxygen
Temperature 300 K Estimated partial pressure.

Figure 3 shows the rate versus flow curve. Even though thefagure 5 shows the fraction of the metal atoms in the film that
are two targets with two metals, there is only a single s-curvegs Ti. This fraction would correlate to index of refraction. It is
similar to the classic s-curve for reactive sputtering with one strong function of partial pressure in the transition region,
target material. This suggests that the process could behagd is relatively constant in the poisoned region, greater than
similarly to a standard reactive sputtering process, and show#out 0.08 mTorr.

that simple flow control will not allow access to the part of the

process space with a positive slope.
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Ti fraction vs. oxygen partial pressure
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magnetrons. Uniform distribution of reactive gas was achieved
using rather simple diffusers. The chamber was turbo-mo-
lecular pumped to base pressures below 8k prior to
deposition runs. Aluminum and titanium targets were sput-
tered using an Advanced Enefgystral™ 20-kW pulsed-dc
power supply system. Reactive gas partial pressure was con-
trolled by an Advanced Ener§yiIRESS partial pressure
control system, utilizing an Inficon Transpector mass spec-
trometer for partial pressure sensing. Film thicknesses were
measured on glass substrates using a Tencor P200 profilometer
and a Gaertner L116 ellipsometer. Index of refraction was
measured on a Gaertner L116 ellipsometer. Deposition sys-
tem parameters are listed in Table 2. Films with indexes of
refraction from about 1.7 to 2.3 were deposited in the course
of the experimental campaign.

Figure 5: Model calculation of film composition (fraction of
metal that is Ti) versus oxygen partial pressure.

Table 2: Experimental deposition system parameters.

Figure 6 shows the rate in arbitrary u_nlts (A. U.). This is Parameter Value Comments
actually calculated as the rate at which metal atoms ate
removed from the two targets, including the metal in thg Ar flow 50 sccm
compound sputtered from the targets. Rate decreases stronplxy pressure ~ 1.5 mTorr
with pressure in the transition region. However, rate continugs -
to decrease significantly with pressure in the poisoned regio W’Substrate angle 45 deg To Tiand Al target
where composition is relatively constant. This suggests the surface normals
desirability of partial pressure control for stabilization of the| Ti target to 90 deg Angle between
deposition rate. Al target angle surface normals
Ti target to 0.254 m
Rate (A. U.) vs. Oxygen partial pressure sample distance
1.2 ¢ - Al target to 0.185m
10 —[ sample distance
08 \ Frequency 50 kHz
0.6 \ Duty Cycle 50 %
04
0.2 . Figure 7 and Figure 8 show experimental results with both
0.0 targets in power control mode. The data points plotted corre-
0.0 0.1 0.2 03 spond to seven process runs. The Ti target was operated at
Oxygen partial pressure (mTorr) 1333 W and t_he Al target was o_perateq at 667 W for a total of
2000 W. Partial pressure is indicated in Volts and has essen-

tially a logarithmic relationship to the mass spectrometer

Figure 6: Model calculation of rate versus oxygen partiaka aqay cup current. Partial pressure was not absolutely

pressure.

EXPERIMENT

calibrated for these experiments. In Figure 7, the rate has a
significant dependence on partial pressure, while Figure 8
shows that the index of refraction has a relatively weak
dependence on partial pressure. This could be expected, given

Data were generated in a medium-sized, open-volume, cyliibe modeling results discussed in the previous section, and
drical vacuum chamber (about 0.75 m diameter x 0.45 m deeppuld suggest operation in or close to the poisoned region.

with two 0.15-m Kurt Lesker Torus 10 balanced-field

396



Ti 1333 Watts, Al 667 Watts Ti 1000 Watts, Al 1000 Watts
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Figure 7: Experimental deposition rate versus oxygen partiddigure 9: Experimental deposition rate versus oxygen partial

pressure data (Ti 1333 Watts, Al 667 Watts). pressure data (Ti 1000 Watts, Al 1000 Watts).
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Figure 8: Experimental index of refraction versus oxygerFigure 10: Experimental index of refraction versus oxygen
partial pressure data (Ti 1333 Watts, Al 667 Watts). partial pressure data (Ti 1000 Watts, Al 1000 Watts).

Figure 9 and Figure 10 show experimental results with bot€ONCLUSION

the Tiand the Al targets operated at 1000 W, for a total of 2000,. .
. : . Mid-frequency dual magnetron co-sputtering can be used to
W. The data points plotted in these figures represent results . S . . ;
: . roduce optical thin films with customized index of refrac-

from seven samples. Figure 9 shows a relatively weak redu x

tion in rate with partial pressure, while Figure 10 shows on. Modeling has been used to gain ainsightinto the process.

reduction in index with increased pressure. This suggests tha&ImS with indexes from about 1.7 to 2.3 have been deposited
P X 99 ing Tiand Al targets, with.@or the reactive gas. Refractive

the partial pressure is in a range where composition and raté

) ; o . wgiexes in this range are useful for optical coatings. Pulsed
are both changing. The existence of such aregion is prEd'Ct%urrent source power supplies provide independent power
by the model, and it would be the transition region. P bp b P P

regulation for each magnetron. Reactive gas partial pressure
controllers allow stable operation in the transition region, and
stabilization of rate and index. Both are enabling technologies
for mid-frequency dual magnetron reactive co-sputtering.
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