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High-Density Plasma Source for Ionized Metal Deposition 

RELATED APPLICATION 

by 

Jianming Fu 

This application is a continuation in part of Serial No. 09/249,468, filed February 12, 

1999. 

FIELD OF THE INVENTION 

The invention relates generally to sputtering of materials. In particular, the invention 

relates to the magnetron creating a magnetic field to enhance sputtering. 

BACKGROUND ART 

Sputtering, alternatively called physical vapor deposition (PVD), is the most 

prevalent method of depositing layers of metals and related materials in the fabrication of 

semiconductor integrated circuits A conventional PVD reactor 10 is illustrated 

schematically in cross section in FIG. 1, and the illustration is based upon the Endura PVD 

Reactor available from Applied Materials, Inc. of Santa Clara, California. The reactor 10 

includes a vacuum chamber 12 sealed to a PVD target 14 composed of the material, usually a 

metal, to be sputter deposited on a wafer 16 held on a heater pedestal 18. A shield 20 held 

within the chamber protects the chamber wall 12 from the sputtered material and provides 

the anode grounding plane. A selectable DC power supply 22 negatively biases the target 14 

to about -600VDC with respect to the shield 20. Conventionally, the pedestal 18 and hence 

the wafer 16 are left electrically floating. 

A gas source 24 supplies a sputtering working gas. typically the chemically inactive 

gas argon, to the chamber 12 through a mass flow controller 26. In reactive metallic nitride 

sputtering, for example, of titanium nitride, nitrogen is supplied from another gas source 27 
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through its ov..n rnass flow controller 26. Oxygen can also be supplied to produce oxides 

such as Ah03 . The gases can be admitted to the top of the chamber, as illustrated, or at its 

bottom, either with one or rnore inlet pipes penetrating the bottom of the shield or through 

the gap between the shield 20 and the pedestal 18. A vacuum system 28 maintains the 

chamber at a low pressure. Although the base pressure can be held to about 10·
1
Torr or 

even lower, the pressure of the working gas is typically maintained at between about 1 and 

lOOOmTorr. A computer-based controJler 30 controls the reactor including the DC power 

supply 22 and the mass flow controllers 26. 

When the argon is admitted into the chamber, the DC voltage between the target 14 

and the shield 20 ignites the argon into a plasma, and the positively charged argon ions are 

attracted to the negatively charged target 14. The ions strike the target 14 at a substantial 

energy and cause target atoms or atomic clusters to be sputtered from the target 14. Some 

of the target particles strike the wafer 16 and are thereby deposited on it, thereby fanning a 

film of the target material. In reactive sputtering of a metallic nitride, nitrogen is additionally 

admitted into the chamber 12, and it reacts with the sputtered metallic atoms to form a 

metallic nitride on the wafer 16. 

To provide efficient sputtering, a magnetron 3 2 is positioned in back of the target 14. 

'.g(l(l.j 

It has opposed magnets 34, 36 creating a magnetic field within the chamber in the 

neighborhood of the magnets 34, 36. The magnetic field traps electrons and, for charge 

neutrality, the ion density also increases to form a high-density plasma region 38 within the 

chamber adjacent to the magnetron 32. The magnetron 32 is usually rotated about the center 

oft he target 14 to achieve full coverage in sputtering of the target 14. The fonn of the 

magnetron is a subject of this patent application, and the Hlustrated form is intended to be 

only suggestive. 

The advancing level of integration in semiconductor integrated circuits has placed 

increasing demands upon sputtering equipment and processes. Many of the problems are 

associated with contact and via holes. As illustrated in the cross-sectional view of FIG 2, 

via or contact holes 40 are etched through an interlevel dielectric layer 42 to reach a 

conductive feature 44 in the underlying layer Ol'" substrate 46. Sputtering is then used to fill 

metal into the hole 40 to provide inter-level electrical connections. If the underlying ]ayer 46 

is the semiconductor substrate, the filled hole 40 is called a contact~ if the underlying layer is 
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a lower-level metallization level, the filled hole 40 is called a via. For simplicity, we will refer 

hereafter only to vias The widths of inter-level vias have decreased to the neighborhood of 

0.25µm and below while the thlckness of the inter-level dielectric has remained nearly 

constant at around 0. 7µm As a result, the via holes in advanced integrated circuits have 

increased aspect ratios of three and greater. For some technologies under development, 

aspect ratios of six and even greater are required. 

Such high aspect ratios present a problem for sputtering because most forms of 

sputtering are not strongly anisotropic, a cosine dependence off the vertical being typical, so 

that the initially sputtered material preferentially deposits at the top of the hole and may 

bridge it, thus preventing the filling of the bottom of the hole and creating a void in the via 

metal. 

It has become known, however, that deep hole filling can be facilitated by causing a 

significant fraction of the sputtered particles to be ionized in the plasma between the target 

@oo.5 

14 and the pedestal 18. The pedestal 18 of FIG. 1, even if it is left electrically floating, 

develops a DC self-bias, which attracts ionized sputtered particles from the plasma across the 

plasma sheath adjacent to the pedestal 18 and deep into the hole 40 in the dielectric layer 42. 

The effect can be accentuated with additional DC or RF biasing of the pedestal electrode 18 

to additionally accelerate the ionized panicles extracted across the plasma sheath towards the 

wafer 16, thereby controlling the directionality of sputter deposition. The process of 

sputtering with a significant fraction of ionized sputtered atoms is called ionized metal 

deposition or ionized metal plating (Th1P). Two related quantitative measures of the 

effectiveness of hole filling are bottom coverage and side coverage. As illustrated 

schematically in FIG. 2, the initial phase of sputtering deposits a layer 50, which has a 

surface or blanket thickness of Si, a bottom thickness of s2, and a sidewall thickness of S3. 

The bottom coverage is equal to si/si, and the sidewall coverage is equal to S3/s1. The model 

is overly simplified but in many situations is adequate. 

One method of increasing the ionization fraction is to create a high-density plasma 

(HDP), such as by adding an RF coil around the sides of the chamber 12 of FIG. 1. An HDP 

reactor not only creates a high-density argon plasma but also increases the ionization fraction 

of the sputtered atoms. However, HDP PVD reactors are new and relatively expensive, and 

the quality of the deposited films is not always the best. It is desired to continue using the 
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principally DC sputtering of the PVD reactor of FIG. 1. 

Another method for increasing the ionization ratio is to use a hollow-cathode 

magnetron in which the target has the shape of a top hat. This type of reactor, though, runs 

very hot and the complexly shaped targets are very expensive. 

It has been observed that copper sputtered with either an inductively coupled HDP 

sputter reactor or a hollow-cathode reactor tends to form an undulatory copper film on the 

via sidewall, and further the deposited metal tends to dewet. The variable thickness is 

particularly serious when the sputtered copper layer is being used as a seed layer of a 

predetermined minimum thickness for a subsequent deposition process such as electroplating 

to complete the copper hole filling. 

A further problem in the prior art is that the sidewall coverage tends to be 

asymmetric v.1th the side facing the center of the target being more heavily coated than the 

more shielded side facing a larger solid angle outside the target. Not only does the 

asymmetry require excessive deposition to achieve a seed layer of predetermined minimum 

thickness, it causes cross-shaped trenches used as alignment indicia in the photol.ithography 

to appear to move as the trenches are asymmetrically narrowed. 

@006 

Another operational control that promotes deep hole filling is chamber pressure. It is 

generally believed that lower chamber pressures promote hole filling. At higher pressures, 

there is a higher probability that sputtered particles, whether neutral or ionized, will collide 

with atoms of the argon carrier gas. Collisions tend to neutralize ions and to randomize 

velocities, both effects degrading hole filling. However, as described before, the sputtering 

relies upon the existence of a plasma at least adjacent to the target. If the pressure is reduced 

too much, the plasma collapses, although the minimum pressure is dependent upon several 

factors. 

The extreme of low-pressure plasma sputtering is sustained self-sputtering (SSS), as 

disclosed by Fu et al. in US. Patent Application, Serial No. 08/854,008, filed May 8, 1997. 

In SSS, the density of positively ionized sputtered atoms is so high that a sufficient number 

are attracted back to the negatively biased target to resputter more ionized atoms. Under the 

right conditions for a limited number of target metals, the self-sputtering sustains the plasma, 

and no argon working gas is required. Copper is the metal most prone to SSS, but only 

under conditions of high power and high magnetic field. Copper sputtering is being seriously 

This Sheet Has Been Replaced -4-
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developed because of copper's low resistivity and low susceptibility to electromigration. 

However, for copper SSS to become commercially feasible, a full-coverage, high-field 

magnetron needs to be developed. 

Increased power applied to the target allows reduced pressure, perhaps to the point 

of sustained self-sputtering. The increased power also increases the ioruzation density. 

However, excessive power requires expensive power supplies and increased cooling. Power 

levels in excess of 20 to 30kW are considered infeasible in a commercial environment. In 

fact, the pertinent factor is not power but the power density in the area below the magnetron 

since that is the area of the high-density plasma promoting effective sputtering. Hence, a 

small, high-field magnet would most easily produce a high ionization density. For this 

reason, some prior art discloses a small circularly shaped magnet. However, such a 

magnetron requires not only rotation about the center of the target to provide unifonnity, but 

it also requires radial scanning to assure full and fairly uniform coverage of the target. If full 

magnetron coverage is not achieved, not only is the target not efficiently used, but more 

importantly the uniformity of sputter deposition is degraded, and some of the sputtered 

material redeposits on the target in areas that are not being sputtered. Furthermore, the 

material redeposited on unsputtered areas may build up to such a thickness that it is prone to 

flake off, producing severe particle problems. While radial scanning can potentially avoid 

these problems, the required scanning mechanisms are complex and generally considered 

infeasible in a production environment. 

One type of commercially available magnetron is kidney-shaped, as exemplified by 

Tepman in U.S. Patent 5,320,728. Parker discloses more exaggerated forms of this shape in 

U.S. Patent 5,242,566. As illustrated in plan view in FIG. 3, the Tepman magnetron 52 is 

based on a kidney shape for the magnetically opposed pole faces 54, 56 separated by a 

circuitous gap 57 of nearly constant width. The pole faces 54, 56 are magnetically coupled 

by unillustrated horseshoe magnets bridging the gap 57. The magnetron rotates about a 

rotational a.xis 58 at the center of the target 14 and near the concave edge of the kidney­

shaped inner pole face 54. The convexly curved outer periphery of the outer pole face 56, 

which is generally parallel to the gap 57 in that area, is close to the outer periphery of the 

usable portion if the target 14. This shape has been optimized for high field and for uniform 

sputtering but has an area that is nearly half that of the target. It is noted that the magnetic 
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field is relatively weak in areas separated from the pole gap 57. 

For these reasons, it is desirable to develop a small, high-field magnetron providing 

full coverage so as to promote deep hole filling and sustained copper self-sputtering. 

SUM:MAR Y OF THE Th'VENTION 

@O(i.~ 

The invention includes a sputtering magnetron having an oval or related shape of 

smaller area than a circle of equal diameter where the two diameters extend along the target 

radius with respect to the typical rotation axis of the magnetron. The shapes include 

racetracks, ellipses, egg shapes, triangles, and arced triangles asyrrunetrically positioned 

about the target center. The magnetron is rotated on the backside of the target about a point 

preferably near the magnetron's thin end, and the thicker end is positioned more closely to 

the target periphery. Preferably, the total magnetic flux is greater outside than inside the half 

radius of the target. 

The small area allows an electrical power density of at least 600W/cm2 to be applied 

from an l SkW power supply to a fully covered sputtering target used to sputter deposit a 

200mm wafer. 

The magnetron is configured to produce less magnetic flux in its inner pole than in its 

surrounding outer pole. Thereby, the magnetic field reaches further into the sputtering 

chamber to promote low-pressure sputtering and sustained self-sputtering. 

The invention also includes sputtering methods achievable with such a magnetron 

The high magnetic field extending over a small closed area facilitates sustained self­

sputtering. Many metals not subject to sustained self-sputtering can be sputtered at chamber 

pressures ofless than 0.5 milliTorr, often less than 0.2 milliTorr, and even at 0. J milliTorr. 

The bottom coverage can be further improved by applying an RF bias of less than 250W to a 

pedestal electrode sized to support a 200mm wafer. Copper can be sputtered with 18kW of 

DC power for a 330mm target and 200mm wafer either in a fully self-sustained mode or with 

a minimal chamber pressure of 0.3 milliTorr or less-

The invention provides for high-power density sputtering with power supplies of 

reduced capacity. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. l is a schematic diagram of a DC plasma sputtering reactor. 

FIG. 2 is a cross-sectional view of a inter-level via in a semiconductor integrated 

circuit. 

FIG. 3 is a plan view of a conventional magnetron. 

FIG. 4 is a plan view of the pole pieces of an embodiment of the magnetron of the 

invention taken along the view line 4-4 of FIG. 7. 

FIG. 5 is a plan view of the magnets used in the magnetron of FIG. 4. 

FIG. 6 is a cross-sectional view of one of the magnets used in conjunction with the 

embodiments of the invention. 

FIG. 7 is a cross-sectional view of the magnetron of FIG. 4. 

FIG. 8 is a plan view qf an egg-shaped magnetron. 

FIG. 9 is a plan view of a triangularly shaped magnetron. 

FIG. 10 is a plan view of a modification of the triangularly shaped magnetron of 

FIG. 9, referred to as an arced triangular magnetron. 

FIG. 11 is a plan view of the magnets used in the arced triangular magnetron of 

FIG. 10. 

FIG. 12 is a plan view of two model magnetrons used to calculate areas and 

peripheral lengths. 

FIG. 13 is a graph of the angular dependences of the areas of a triangular and of a 

circular magnetron. 

FIG. 14 is a graph of the angular dependences of the peripheral lengths of the two 

types ofmagnetrons of FIG. 12. 

FIG. 15 is a side view of an idealization of the magnetic field produced with the 

described embodiments of the invention. 

FIG. 16 is a graph showing the effect of RF wafer bias in bottom coverage in 

titanium sputtering. 

FIG. 17 is a graph of the dependence of chamber pressure upon nitrogen flow 

illustrating the two modes of deposition obtained in reactive sputtering of titanium nitride 

with a magnetron of the invention. 

FIG. 18 is a graph of the step coverage obtained in the two sputtering modes for 
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reactive sputtering of titanium nitride with a magnetron of the invention. 

DETAILED DESCRlPTION OF THE PREFERRED EMBODIMENTS 

One embodiment of the invention is a racetrack magnetron 60, illustrated in plan view 

in FIG. 4. The racetrack magnetron 60 has a central bar-shaped pole face 62 of one 

magnetic polarity having oppo~ed parallel middle straight sides 64 connected by two rounded 

ends 66. The central, bar-shaped pole face 62 is surrounded by an outer elongated ring­

shaped pole face 68 of the other polarity with a gap 70 of nearly constant width separating 

the bar-shaped and ring-shaped pole faces 62, 68. The outer pole face 68 of the other 

magnetic polarity includes opposed parallel middle straight sections 72 connected by two 

rounded ends 74 in general central synunetry with the irmer pole face 62. The middle 

sections 72 and rounded ends 74 are bands having nearly equal widths. Magnets, to be 

described shortly, cause the P?le faces 62, 68 to have opposed magnetic polarities. A 

backing plate, also to be described shortly, provides both a magnetic yoke between the 

magnetically opposed pole fa~es 62, 68 and support for the magnetron structure. 

Although the two pole faces 62, 68 are illustrated v.-1th specific magnetic polarities 

producing magnetic fields extending generally perpendicularly to the plane of illustration, it is 

of course appreciated that the opposite set of magnetic polarities will produce the same 

general magnetic effects as far as the invention is concerned. The illustrated assembly 

produces a generany semi-toroidal magnetic field having parallel arcs extending 

perpendicularly to a closed path with a minimal field-free region in the center. There results 

a closed tunnel of magnetic field forming struts of the tunnel. 

The pole assemb1y of FIG. 4 is intended to be continuously rotated during sputter 

deposition at a fairly high rotation rate about a rotation axis 78 approximately coincident 

with the center of the target 14 of uniform composition. The rotation axis 78 is located at or 

near one prolate end 80 of tile outer pole face 68 and with its other prolate end 82 located 

approximately at the outer radial usable extent of the target 14. The asymmetric placement 

of the rotating magnetron 60: with respect to the target center provides a small magnetron 

nonetheless achieving full target coverage The outer usable periphery of the target is not 

easily defined because different magnetron designs use different portions of the same target. 

However, it is bounded by the flat area of the target and almost always extends to 

.&-
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significantly beyond the diameter of the wafer being sputter deposited and is somewhat less 

than the area of the target face. For 200mm wafers, target faces of325mm are typical. A 

15% unused target radius may be considered as an upper practical limit. Racetrack 

magnetrons are well known in the prior art, but they are generally positioned symmetrically 

about the center of the target. In the described invention., the racetrack is asyrrunetrically 

positioned with its inner end either overlying the target center or terminating at a radial 

position preferably within 20% and more preferably within 10% of the target radius from the 

target center. The illustrated racetrack extends along a diameter of the target. 

As illustrated in the plan view of FIG. 5, two sets of magnets 90, 92 are disposed in 

back of the pole faces 62, 68 to produce the two magnetic polarities. The combination of 

the pole faces 62, 68, the magnets 90, 92, and possibly a back magnetic yoke produces two 

opposite magnetic poles having areas defined by the pole faces 62, 68. Other means may be 

used to achieved such poles. 

The two types of magnets 90, 92 may be of similar construction and composition 

producing an axially extending magnetic flux on each vertically facing end. If they are of 

different, magnetic composition, diameter, or length, the flux produced by different magnets 

may be different. A cross-sectional view of a magnet 90, 92 is shown in FIG. 6. A 

cylindrical magnetic core 93 extending along an axis is composed of a strongly magnetic 

material, such as neodymium boron iron (NdBFe). Because such a material is easily 

oxidized, the core 93 js encapsulated in a case made of a tubular sidewall 94 and two 

generally circular caps 96 welded together to form an air-tight canister. The caps 96 are 

composed of a soft magnetic material, preferably SS4 l 0 stainless steel, and the tubular 

sidewall 96 is composed of a non-magnetic material, preferably SS304 stainless steel. Each 

cap 96 includes an axially extending pin 97, whicp engages a corresponding capture hole in 

one of the pole faces 62, 68 or in a magnetic yoke to be shortJy described. Thereby, the 

magnets 90, 92 are fixed in the magnetron. The magnetic core 93 is magnetized aJong its 

axial direction, but the two different types of magnets 90, 92 are oriented in the magnetron 

60, as illustrated in the cross-sectional view of FIG. 7, so that the magnets 90 of the inner 

pole 62 are aligned to have their magnetic field extending vertically in one direction., and the 

magnets 92 of the outer pole 68 are aligned to have their magnetic field extending vertically 

in the other direction. That is, they have opposed magnetic polarities. 

-9-
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As illustrated in the cross-sectional view ofFIG. 7, the magnets 90, 92 are arranged 

closely above (using the orientation ofFlG. 1) the pole faces 62, 68 located just above the 

back of the target 14. A magnetic yoke 98 havingja generally _closed shape generally 

conforming to the outer periphery of the outer pole face 68 is closely positioned in back of 

the magnets 90, 92 to magnetically couple the two poles 62, 68. As mentioned previously, 

holes in the pole faces 62, 68 and in the yoke 98 fix the magnets 90, 92, and unillustrated 

hardware fix the pole faces 62, 68 to the yoke 9~., 
I j 

l41012 

The inner magnets 90 and inner pole face 62 constitute an inner pole of one magnetic 

polarity while the outer magnets 92 and the outer pole face 68 constitute a surrounding outer 

pole of the other magnetic polarity. The magnetic yoke 98 magnetically couples the inner 

and outer poles and substantially confines the m~gnetic field on the back or top side of the 
I: 

magnetron to the yoke 98. A semi-toroidal mag~,btic field 100 is thereby produced, which 

extends through the non-magnetic target 14 into the vacuum chamber12 to define the high­

density plasma region 38. The field 100 extends through the non-magnetic target 14 into the 

vacuum chamber 12 to define the extent of the high-density plasma region 38. The magnets 
~ I • 

90, 92 may be of different magnetic strength. However, it is desired for reasons to be 

explained later that the total magnetic flux produced by the outer magnets 92 be substantially 

greater than that produced by the inner magnets 90. As illustrated, the magnetron 60 
; 

extends horizontally from approximately the cetjt¢r of the target 14 to the edge of the usable 
: I 

area of the target 14. The magnetic yoke 90 and'the two pole faces 62, 68 are preferably 

plates fonned of a soft magnetic material such as SS416 stainless steel. 

The inner prolate end 80 of the magnetron 60 is connected to a shaft 104 extending 

along the rotation axis 78 and rotated by a mot~~ 106. As illustrated, the magnetron 60 

extends horizontally from approximately the c~ter of the target 14 to the right hand side of 

the usable area of the target 14. Demaray et al: in U.S. Patent 5,252, 194 disclose exemplary 

details of the cormections between the motor 106, the magnetron 60, and the vacuum 

chamber 12. The magnetron assembly 60 sho~d include counter-weighting to avoid flexing 
I -

of the shaft 104. Although the center of rotation 78 is preferably disposed within the inner 
! I 

prolate end 74 of the outer pole face 72, its position may be optimized to a slightly different 

position, but one preferably not deviating more than 20%, more preferably 10%, from the 

inner prolate end 80 as normalized to the prolate length of the magnetron 60. Most 
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preferably, the inner end of the outer pole face 68 near the prolate end 80 overlies the 

rotation center 78. 

The racetrack configuration of FIG. 4 has: the advantage of simplicity and a very 

small area while still providing full target coverage. As will be discussed later, the 

as)'mmetric magnetic flux of the two poles is adv~tageous for low-pressure sputtering and 

sustained self-sputtering. 

The racetrack con.figuration of FIG. 4 can be alternatively characterized as an 

extremely flattened oval. Other oval shapes are also included within the invention, for 

example, continuously curved shapes of continuqusly changing diameter such as elliptical 
I 

:(] 013 

shapes with the major axis of the ellipse extendin'.g along the radius of the target and with the 

minor axis preferably parallel to a rotational circ71mference. Tabuchi illustrates a symmetric 

oval magnetron in Laid-open Japanese Patent Application 63-282263. This shape however 

has the disadvantage of a complex shape, especially for packing the magnets in the inner 
I 

pole. 
i 

Another oval shape is represented by an ~gg-shaped magnetron 106, illustrated in 

plan view in FIG. 8. It has an outer pole face 108 of one magnetic polarity surrounding an 

inner pole face 110 of the other polarity with a rtearly constant gap 122 between them. Both 

pole faces I 08, 110 are shaped like the outline of an egg with a major axis extending along 

the radius of the target. However, an inner end 112 of the outer pole face 108 near the 

rotation axis 78 is sharper than an outer end 11 i near the periphery of the target. The egg 

shape is related to an elliptical shape but is asyrr1metric with respect to the target radius. 

Specifically, the minor axis is pushed closer to tpe target periphery than its center. The inner 

pole face 110 and the gap 122 are similarly shaped. Such an egg shape places more of the 

magnetic flux closer to the target periphery so as to improve.sputtering uniformity. Such a 

preferred flux distribution may be chara cterized with respect to the half radius of the target 

extending from its center to its outer usable radius. For improved uniformity, the total 

magnetic flux located outside the half radius is greater than that located inside the half radius, 

for exan1ple, by at least a 3: 2 ratio, and prefera~ly between 1. 8 and 2. 3. The ratio of 
! 

rnagneric flux outside to inside the target half radius in this configuration is about 2: 1. 
' 

A related shape is represented by a triangular magnetron 126, illustrated in plan view 

in FIG 9. It has a triangular outer pole face 128 of one magnetic polarity surrounding a 
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substantially solid inner pole face 130 of the other magnetic polarity with a gap 132 between 
I 

them. The triangular shape of the inner pole face 130 with rourded comers allows 

hexagonal close packing of the button magnets 90, 92 ofFIG. 1~. The outer pole face 128 

has three straight sections 13 4 are preferably offset by 60° with respect to each other and are 
I 

connected by rounded comers 136. Preferably, the rounded c0mers 136 have smaller 

lengths than the straight sections 134. One roun~ed comer 13r is located near the rotation 

center 78 and target center, preferably within zoya, more preferably within 10% of the target 

radius, and most preferably with the apex portion of the outer pole face 128 overlying the 

rotation center 78. The triangularly shaped inner pole piece 130 may include a central 

aperture, but it is preferred that the size of such :a.n aperture bJ kept small to minimize the 

size of the central magnetic cusp. 

A modified triangular shape is represented by an arced! triangular magnetron 140 of 

FIG. 10. It includes the triangular inner pole fade 130 surrouAded by an arced triangular 

outer pole face 142 with a gap 144 between the~ and betweeh the magnets of the respective 

poles and with the magnetic yoke in back of the gap 144. Thb outer pole face 142 includes 

two straight sections 146 connected to each oth~r by a round~d apex: corner 148 and 

connected to an arc section 150 by rounded circumferential cbrners 152. The apex corner 

148 is placed near the rotational center 78 and the target centbr, preferably within 20% and 

more preferably within 10% of the target radiu~J The arc seciion 150 is located generally 

near the circumferential periphery of the target.'.' It curvature ~ay be equal to that of the 

target, that is, be equidistant from the center ofrotation 78, bht other optimized curvatures 

may be chosen for an arc section concave v.-ith respect to the rotational center 78. It is 
: : 

located near the target periphery within the chafuber, preferaely within 25% and more 

preferably within 15% of the radius to the periphery. Yokoyka et al. in Laid-open Japanese 

Patent Application 62-89864 discloses the advantage of a plbrality of arced triangular 
I 

magnetrons arranged symmetrically about the t,arget center. However, plural magnetrons do 
: ! J 

not provide for a small total area and thus do not achieve a high power density for 

sputtering. Furthennore, the apices of the individual magnet}on sections in Yokoyama are 

located relatively far from the target center, thus producing Joor sputtering uniformity 

except for a large number of sections. 

The magnetic field is produced by an ariangement of magnets shown in plan view in 
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FIG. 11. Magnets 160 of a first polarity are disposed adjacent to the inner pole face 13 0 in 

an advantageous hexagonally close-pack~d arrangement. Magnets 162 of a second polarity 

are arranged adjacent to the arc section ISO of the outer pole face 142 while magnets 164 of 

the second polarity are arranged adjacent!to the remaining portions of the outer pole face 

142. In some situations, to be described later, it is advantageous to place magnets of 

different intensities at different portions bf the outer pole face 142. In one embodiment, 

there are l 0 magnets in the inner pole and 26 magnets in the outer pole, which for magnets 

of equal strength produces 2.6 more ma~etic flux in the outer pole than in the inner pole_ 

The triangular magnetrons 126, ~AO of FIGS. 9 and 10 are illustrated as having apex 

angles 8 of 60°, which facilitates promot~s hexagonftl close packing of the button magnets, 

but the apex angle can be changed, in PC;lrticular decreased below 60°. However, 60°±15° 

seems to provide superior uniformity. Tpe apex an~le signi£cantly affects two important 

parameters of the magnetron of the invention, the values of its area A and its perimeter P. 
I 

:Q 015 

Some simple calculations, most easily dbne for the arced triangular magnetron 140, show the 
I 

general effects of changing the apex angle 8, as illuftrated in plan view in FIG. 12. A 

simplified or model arced triangular ma~netron 170 has two straight sides extending between 

the center and periphery of the target 14] of radius Rr and meeting at an apex coincident with 

the rotation axis 78 and further includes:an arc side confonning to the usable periphery of the 
i 

target 14. The area A of the simplified :arced triangular magnetron 170 is 8Rl12, and its 

periphery Pis Rr(2-""8), where() is measured in rad?-ans. Also illustrated in FIG. 12 is a 
i 

model circular magnetron 172 having a: radius of R112 and having a diameter fixed to the 
I 

rotation axis 78. It has an area A of 1rR/ !4 and a periphery P of 7rRr. Both magnetrons 170, 

172 provide full target coverage. The 9ependence pf the arced triangular area A upon the 

apex angle e is plotted in normalized 1*ts in FIG_ 13 by line 174 and that for the circular 

area by line 176. Below 90°, the triangular area is smaller. The dependence of the triangular 

periphery P is plotted in FIG. 14 by line 178 and tijat for the Circular periphery by line 180. 

Below 65.4°, the arced triangular periphery is smaDer. Ionization efficiency is increased by 

minimizing the area, since the target power is concentrated in a smaller area, and is also 
; 

increased by minimizing the periphery, since edge ioss is generally proportional to the 

peripheral length. Of course, the area p.eeds to be 'large enough to accommodate the 

magnets creating the magnetic field. Also, these calculations do not address uniformity. It is 
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likely that the circular magnetron 170 provides reduced uniformity relative to the arced 

triangular magnetron 172. 

The ratio of the magnetic flux ou~side to inside the target halfradius for the arced 

triangular magnetron 172 can be approximated by the lengths of the sides 170 in the two 

regions by (l +0), which is 1.79 for an apex angle e of 45°, 2.05 for 60°, 2.31 for 75°, and 

2. 57 for 90°. 
i I 

A variation of the arced triangulih arrangement of FIGS. 10 and 11 decreases the 
'· i 

apex angle to, for example, 47". In addition to ithe hexagonally close packed inner magnets 

160, one or more irmer magnets are line~ly arrang~d from the inner comer of hexagonally 
~ . . 

closed packed magnets toward the irmei:comel' of the outer magnets 164. The result is 

intermediate the racetrack magnetron and the arced triangular magnetron 

It is understood that the shapes ~escribed above refer to pole faces having band-like 
.. ; 

widths of area not significantly larger than the button magnets being used. The widths, 

particularly of the outer pole face, can be incre'ased; perhaps even non-uniformly, but the 
j· : i ! 

additional width is ofless effectiveness In generating the desired high magnetic field. 

The shapes presented above have all b~en symmetric about the target radius. 

However, the magnetron of the invention includes ~symmetric shapes, for example one 
( I 

radially extending side being in the forni of the racetrack of FIG. 4 and the other side being 

oval, e.g., the egg shape of FIG. 7, or one radi~lly extending side being oval or straight and 

the other side having a triangular apex between th~ center and periphery of the target. 

All the magnetrons described above have asymmetric areas for the inner and outer 

poles and, assuming similar packing of similar :button magnets 90, 92, asymmetric magnetic 

flux. In particular, the total magnetic flux JB·dS p;,oduced by the inner pole 190, illustrated 
~ . 

schematically in FIG 15, is much less than tha~ produced by the surrounding outer pole 192, 

for example, by at least a factor of 1.5 and prefera~ly 2. All the magnetrons are also 

characterized as having a compact inn~r pole 1~90 Jurrounded by the outer pole 192. The 
~· . 

result is a magnetic field distribution which is very strong in the reactor processing area 194 

adjacent to the gap 196 between the poles 190, .192, but which also extends far into the 

processing area 194 as the magnetic fi~d line~ioftpe outer pole 192 close back to the 

magnetic yoke 198. The substantial fr~ction of m~gnetic field extending vertically from the 

target deep into the processing area I 94 offer!> many advantages. Because the light electrons 

-:14-
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I 
orbit around magnetic field lines, the extended ma~etic field . aps electrons and thus helps 

I; . 

to support a higher-density plasma deep into th~ Pfqcessing area 194. By the same 

interaction, the magnetic field extendins::~lose ~dj~arallel to the grounded chamber shield 

reduces electron Joss to the shield, also ~creasipg rhe density fr the plasma. As a result, the 

plasma can be supported at lower pressure or eye1 /be self-sus~~ed. The magnetic field also 

partially traps heavier positive particles and thus g}rides ionizeo sputtered particles towards 

the waf~he inventive magnet also achie~es a r~:•ttely high mtnetic field. However, 

magnetic field intensity of itself is insufficient. ~-o~e convenf nal magnetrons, such as 

Demaray et al. disclose in the aforecite~. :patent,: ut~ a line off. orseshoe magnets arranged in 

a kidney-shaped linear path with only a ~mall gap between th: poles of the horseshoes. As a 

result, a relatively high magnetic field i~~ensity!cabf be achiev~ in the area at the periphery of 

the kidn~y shape However, the linear l~ape:o~t~~ high ma~etic field surrounds an ~ea of 

substantially no magnetic field. As a result, el~ctrpns can esc~pe to not only the ex:tenor but 

also the interior of the high-field region. In cohtrf~t, the irute.l pole of the triangular 

f h . . d .! ' . . J l If I l magnetron o t e invention pro uces a magnetiic cusp of rruruma area. e ectrons are ost 

from the magnetic field. on one side of!~e inne~ +le'. they ar, likely to be captured on th.• 

othe~ side, thus 1~creasmg th~ plasma density f~r r: ~ven pow
1
er level. . Furthermore: the inner 

pole mcludes a smgle magnetizable pole face producing a gederally urufonn magnetic flux. If 
! [ I I 

multiple inner poles fa~es were used fof:: multi~le f dner magn1· s, magnetic field lines would 

extend to between the mner magnets. •. · i j ; • 

A further advantage of the inventive de.sig~ is that on pole is formed in a closed line 

and surrounds the other pole It woul~. be pos~ib}~ to form ~very small linearly extending 

magnetron with high rru>gnetic field intknsity 7 tanging ho. seshoe magnets or the like in 

an open ended lme with the two sets ofpoles!be~g closely s aced. However, the electrons 

could then easily escape from the operlendsiarld ~ecrease thd density of the plasma. 

It is believed that the beneficialif':sul;s ~#.• inventiJ. are achieved in large part 

because the oval magnetrons and magrtetrons of related shapbs produce a higher plasma 

ionization density without requiring ex~essive: p0;~er. None' eless, full target coverage is 

achieved. In one aspect, the inventive magnetrokihas a relat" ely small area, but has a shape 

that allows full target coverage without radial :sckrung. Th triangular magnetron 160 of 

: I 
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FIG. 10 with an apex angle of 60° has an area of 1/,6: (0.166) of the usable target area. In 

contrast, if the circular magnetron 162 "'fere used, \yhich simil~ly extends from the target 

center to the periphery, the magnetron ~~a is l/4 (0.25) of th, target area. As a result, the 
power density 1s less for a given power supply powenng a larger circular magnetron. The 

target overlay percentage is even higher for the Tepman magn~ of FIG. 3. 

The combination of small area and full co~rage is acJeved by an outer magnetron 

shape extending from the target center to its usab!f iperiphery l±15%) and having a 

transverse dimension at half the target rfwus ofle~s substanti~y less than the target radius, 

:~;~~::.::~::::o~::;:::,:a:::~~:~,:he trans~rse dimenslion should be measured 

The unifomtity is enhanced by an oval shape that is tr sversely wider, with respect 

to the target radius, at its outer end nea[' the targe~ ~eriphery Jhan at its inner end near the 

center of rotation_ That is, the minor a~~ is displaced towarJ the target circumference. 
. . !·, I 

The small area of the magnetron, but non<r~eless proTding full target coverage, 

allows a very high power density to be applied to Fe target Jth a reasonably sized power 

supply. The small area, unlike the Tepman desigq., ;has no su~stantial field-free region 
I • 
!: : 

~(11.S 

included in its interior. Some of the ex~ples belbw use an 18kW power source. For a 

200mm wafer, the magnetron extends ~~t to a,u~~ble target diameter of about 300mm. The 

effective area of the arced triangular magnetroh i~ ·about one-~ixth of the area associated with 
f; I I 

this larger diameter, that is, about 117cin2
. Thus~1 t:he average power density of the area 

being sputtered at any given location okithe magnetron is abol t 150W/cm2
. Such a high 

power density achieved without inductive coils Can support a plasma at lower argon pressure 

or pem1it sustained self-sputtering for selected metals such a copper. Even with 300mm 

wafers, a 27kW power supply in conjunction with the small agnetron of the invention 

scaled to the larger dimension will produce a tar~e~ power dJnsity of l03W/cm2
. As shown . ,. I 

below, a power density of 76W/cm2 is fi~fficient {~r sustaine self-sputtering of copper. 

-Ii! . 
ii; 

-16-

!>. j 
I. 



10:0.S '(10 lo:Ul F . .\X -1·1 153.1 87-11·'>~) LYS . .\CHT & CO. _,II' 

------------·-----~:·--0---T-- p L\.I 

0oci;.d No.: 239().Pl 

Processes 
' 

A racetrack magnetron of FIGS. 4 ;and Swag tested with copper sputtering. In one 

configuration, six magnets 90 are placed behind the center pole face 62, twenty-five magnets 

of the same strength but opposite polarity .are arranged behind and around the outer pole 
'!'f· 

face 68, and the spacing between the 33cm target and the 200rrun wafer is l 90mm. This 

configuration produces a deposition uniformity ,of± 18%. In a second con.figuration, the 
1' ' I 

magnets have different strengths, the str6.Luger dn:es producing 30% more magnetic flux. Six 

strong magnets are placed behind the center pole face, and 25 weaker magnets are placed 
:j, j • i 

around the outer pole face. Despite the stronger' inner magnets, the total magnetic flux 

produced by the outer magnets is great~r than ~hat produced by the inner ones. The second 
!']: ! ! ! 

configuration produces an improved depositiori' uniformity of 8. 9%. The second 

configuration also produces superior hole fillingfoto a O.Sµm-wide, 2µm-deep via hole. For 
!. J 

265nm of blanket copper, the bottom d:l\jerage i~ b~tween 10 and 15%, and the sidewall 
. . 

coverage is about 2. 8%. The deep hole filling is :promoted by the srnall area of the racetrack 
i . 

magnetron producing a higher ionizatid# :density. fo a third configuration, strong magnets 

replace some of the weaker magnets near the ends of the outer pole. This produces a 

somewhat better uniformity. 

An arced triangular magnetron of FIGS, 10 and 11 was tested in a series of 
'·.: I 

experiments with different sputtering cm~1position. ·For almost all the experiments, the target 
I ! ~ 

was spaced between 190 and 200mm from the :Wafer and the target had a diameter of 330mm 

for a 200mm wafer. :!. 

CQpper 
.. , i 

For copper sputtering, uniformit)f is irriproved by using ten strong magnets 160 in the 
~ ' 

inner pole, strong magnets 162 along the arc portion 150 of the outer pole, and weaker 
I'•: I · ': 

magnets 164 for the remainder of the 0tjter pole. The stronger magnets have a diameter 
: ;, ', 

30% larger than the diameter of the weaker ma~ets, but are otherwise of similar 

composition and structure, thereby cr~~ting a~ integrated magnetic flux that is 70% larger. 
:·j': ! 

Sustained self-sputtering of copper is achi~ed, after striking the plasma in an argon 
~ . 

ambient, ·with 9kW of DC power applied to thetarget having a usable diameter of about 

30cm, which results in a power density;.of76W/cm2 with the arced triangular magnetron. 

-17-
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However, it is considered desirable to operate with 18kW of DC power and with a minimal 

argon pressure of about 0 .1 milliT orr arising at least in part from leak.age of the gas 

providing backside cooling of the wafer to the liquid-chilled pedestal. The increased 

background pressure of 0.1 to 0.3 milliTorr enhances effective wafer cooling without 

significant increase in the scattering and deionization of the sputtered ions. These relatively 

low DC powers are important in view of the ongoing development of equipment for 300mm 

wafers, for which these numbers scale to 20k\\'. ~d 40kW. A power supply of greater than 
' 

40kW is considered expensive if not infeasible 

lg (121) 

One application of ionized copper splltteribg is to dep¢sit a thin conformal seed layer 
. I , ! 

of copper in a deep and narrow via hole~ Therea~et, electro dr electroless plating can be 
~ I I I • 

used to quickly and economically fill thb;femainder:ofthe hol~ with copper. ,,,,: ' ' : 

In one experiment, a via hole h~mng a top 0width ofo.30µm and extending through 
. I I , 

1. 2µm of silica was first coated with a ".J',i(f aN barn er layer. Using the arced triangular 

magnetron, copper was deposited over the barrier layer at l SkW of target power and a 

pressure of 0.2 milliTorr. The deposition was carried out to a blanket thickness of about 

O. lSµm. The sides of the via hole was smoothly covered. The experiments show that the 

sidewall thickness of the copper is about 7nrn on one side and 11.4nm on the other side (5% 

and 8%) for a via located at the wafer edge Theibottom coverage is about 24nm (16%). 
I ! . 

Sidewall synunetry is improved for a ~a hole at ~~ wafer center. The smoothness promotes 
I·:· 1 I I 

the use of the deposited layer as a seed !layer and ~~ an electrdde for subsequent 
1.i:: ; 

electroplating of copper. The relativelyi~ood symmetry between the two sidewalls relieves 

the problem in the prior art of apparently moving photolithographic indicia. 

Aluminum 

-18-
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. I · 
Using the arced triangular magnetron, sjttering of an ~uminum target was achieved 

' ' 'I" . 
at both 12kW and l8kW of applied power with a minimum pressure of about 0.1 milliTorr, a 

significant improvement. For aluminum sputteri~g, sidewall coverage and particularly 
. I· ; 

bottom coverage is significantly improved~ The better uniformity is also believed to be 

related in part to the increased ionization fractiob. since the self-biased pedestal supporting 

the wafer attracts the ionized sputtered fparticles a6ross its entire area. It is estimated that the 

magnetron of the invention increases th~ ionization fraction from 2% to at least 20% and 

probably 25%. :, ; r·; 
The arced triangular magnetron was compared under ~imilar operating conditions to 

the operation ofa conventional magnet.foii rese~ling the Tepman magnetron of FIG. 3. 

The comparative results are summarize;~ in T ~;ii£: l for the sputtering of aluminum. 
: . II; I 

' I , I 

Triangle Conv. 
I : ... 

Bottom 
!j; : 

ii 2.8:.5% 8.0% ·, 

Coverage 
i ! 

' ' ' 
L I'· 

Sidewall 8.0% 5.7% 

Coverage. : ; 

!! :. 1: 

: I . 

:14.6% 
' 

Uniform:ity 7.8% 
' 

! ' 
(190mr#)•: 

i 
: 

' ' ·' . , 
' 

Unifo~t~ !3!0% 6.0% 

(290mm) ., 

: 

1\-finimu'in: i : 0.1 0.35 
i: [! 

Pressur~ 

I 
' 

I (milliTorr) ' 
i: 
'i, 

TABLE 1 

The coverage results were obtrun,ed fo~ vi:a holes having a width of 0. 25 µm and a 

depth of I . 2µm, that is, an aspect ratid; di about S. · The bottom coverage is significantly 

improved with the inventive t~angul"':.;magne+~ compared to the conventional magnetron. 

The sidewall coverage 1s also increased, '.and further the coverage is smooth and urufonn 

. I . 
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' I I ~ ~I~ 

~; i 

'i • 
~! I 

,. 

from top to bottom. These two characteristics promote the use of the deposited metal layer 

as a seed layer for a subsequent deposit~on step. , This is particularly important for copper in 

which the second deposition is perfonn~d. by a different process such as electroplating The 
' ' . ~ 

increased bottom and sidewall coverages ju-e bel1ey~d to be due to the higher ionization 
· i: Ii : · 

fraction of sputtered aluminum atoms a~h~eved with the inventive triangular magnetron. This 
... 

1 

!-1 11 . . 
i' :! 11 

ionization fraction is believed to be 25°tfa dr greate~. The un1fonnity of blanket (planar) 
'! ·1 ; • 

deposition was determined both for a s~~ation, of Ji90mm be:tween the target and the wafer ; . ' . . 

and, in a long-throw implementation, fo:r a sepaJ:!atioh of 290rrim. The inventive triangular 

magnetron produces better uniformity, !¢specialli for long throw. The better uniformity is 
1i . ! 

also believed to be related to the increa:~e~ ioniz,atf in fraction ,since the self-biased pedestal 

supporting the wafer attracts the ioniz~? -~puttere~ particles across its entire area. Similarly, 

the inventive triangular magnetron pro~u:~es less ii.symmetry between the coverages of the 
i : . . I 

two opposed sidewalls. The increased ,ionizatio:n density is d~e in part to the relatively small 

inner yoke having an area substantially !Jess thani that of the outer yoke. As a result, electrons 
. . I 

lost from one side of the inner yoke ar~ likely to be[ captured by the other side. 
] ! ~ ! 

Titanium 

'I ;; I 

' '! 
: : : 

' ' I 

The arced triangular magnetron was also used to sputter titanium. Titanium, 

sometimes in. conjunction with titani, nitride, f s,u,~eful in a1.;minum metallization for . 

proVldmg a silic1ded contact to s1hcon ~t,the bo~?tp of a contact hole and to act as wetting 
,: 1. !; I 

layer and in conjunction with a titaniurtj. wtride la.y~r as a barrier both to the silicon in a 
!',! ;! i! ! 

contact hole and between the aluminum and the silica dielectric on the vi.a or contact 
II i! !! i 

sidewalls. Conformal and relatively ~f~ coatings .are thus required . 
. ·: ; 

A series of experiments were perjfonned using a titanium target with 18kW of DC 

target power and with only six magnets 160 in the inner pole: At a chamber pressure of 0.35 

milliTorr, the bottom coverage and m#'ormity ~e observed tb be good. ;; I ;, ! 

The titanium experiments wer~ continued tp measure[bottom coverage as a function 

of the aspect ratio (AR) of the via hol~ b~ing cb~,t~d. With do wafer bias applied and the 
i ~ i i ~ I : 

pedestal heater 18 left electrically floa~itj~, the 1 ~kW of target power nonetheless self-biases 
' ,., 11 ; 

the target to about 30 to 45V. The bo~t6m cove}~ge under t~ese conditions is shown by line 
,, 

190 in the graph ofFIG. 16. The bottom cover~ge decreases for holes of higher aspect 
'I ! 

-20-
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ratios bttt is still an acceptable 20% at ~~6. ·: . 

In a continuation of these experuiients, ad RF power source 192, illustrated in FIG. 1, 
.!'.I ',: . 

was connected to the heater pedestal 18 ~hroughia coupling capacitor circuit 194. It is 
·1, ·, 

known that such an RF field applied to Ji~ wafer' adjacent to a plasma creates a DC self-bias. 
I' . 

When lOOW of 400kHz power is applied with a cha;mber pressure of 0.3 milliTorr, the 
l·i ' : 

bottom coverage is significantly increaseb, as shown by line 196 in the graph of FIG. 16. 

However, when the bias power is increa~~d to 2so\V, resputtering and faceting of the top 

corners of the via hole becomes a prob1¢~. The;bp~om coverage results for 250W bias are 

shown by line 198. For aspect ratios aq.~ve 4.5, tlie.bottorn coverage with 250W of wafer 

bias is generally worse than for lOOW o~~afer biJs/so bias powers should be kept below 
-ii: ! !: 

250W fo~ lower bias frequencies of 2~~ or less.~ fhese powers should be normalized to a 

200mm circular reference wafer. Other: ~1zes of,:wafers, such as a 300mm wafer can be used, 
I I• '· 

and these wafers may not be completel".[ ~ircularay because ofindexing flats or notches. 
! • I ! 

However, the same effects are expecte~!when t~e power levels quoted above are referenced 
ir I d 

to a 200mm circular reference wafer an~lthen s4aled according to the differing area of a 

substantially circular working wafer. , 
I 
I 

The experiments were continuedlfor holes; with aspect ratios of 4.5 using 300W of 
I , . 

RF wafer bias at a frequency of 13.56~. At aipressure of0_7 milliTorr, the blanket 

deposition rate is l 28nm/min, and the bm!·· 1uom co~ei:age varies between 31 % and 52%. At a 
I I .. I I 

pressure of 1.4 rnilliTorr, the depositio'. rate is 14~i1m!min, and the bottom coverage varies 
11 I ; J 
l(•I •, ' I 

between 42% and 62%. At the higher 8ressur~.f th~ sidewall coverage varies between 10.4% 

and 11.5%, and no appreciable sidew~~lasyrnrrletr)r is obse!Ved. Contrary to expectations, 
!I'( "" '. 

pressures above 0.7 rnilliTorr produce rgher tijanitun deposition rates and better bottom 

coverage. The higher bias frequency pe~ts a'/hig:ber bias power to be applied. 

I 
·1 

I 
:1 
' 

, I 
,I 

I 
I 
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Titanium nitride ,j'I , , 
The magnetron of the invention can also be used for reactive sputtenng, such as for , .. 

TiN in which nitrogen is additionally adinitted into the chamb~r to react with the sputtered 
, , I·' ' .f . ·: 

metal, for example, with titanium to profiµce T~ or with tantalum to produce Ta.i'l'. 

Reactive sputtering presents a more coJplex and varied chemistry. Reactive sputtering to 

produce TiN is known to operate in tw~·~odes, m~allic mod~ and poison mode. Metallic 

mode produces a high-density, gold-co!Med ~on: the wafer: Poison mode, which is often 

associated v.-ith a high nitrogen flow, p~bduces a p*rple/brown film which advantageously 

has low stress. However, the poison-nibbe film has many grajn boundaries, and film defects 

severely reduce chip yield Furthennor~,I the de~~s~tion rate iii poison mode is typically only 
~I ., 

one-quarter of the rate in metallic mod~! 1 It is generally believ,ed that in poison mode the 

nitrogen reacts with the target to fom1 :J lrtiK S1'1fface on the 1-!i target while in metallic mode 
' ' 
., 'I ' ' 

the target surface remains clean and TiN fonns only on the wafer. 

The arced triangular magnetrorl ~as tested for reacti"'.~ sputtering of titanium nitride 

in the same chamber used for sputter d~~ositin~ tit?nium. .· 
11 ! 

The initialization conditions fo~ ~putterdep~siting titapjum nitride are found to be 

very important to obtain operation in thU metallic mode. In ai series of initial experiments, 
' I I ' I ; 

argon alone is first admitted to the cha~ber. Afterlthe plasma is struck at an argon pressure 

of about 0. 5 milli Torr,. the argon fl~w lj lredu cf~ ~o Ssccm prbducing a pressure of 0 .3 

m1IhTorr. When the rutrogen flow is t~Fn step' wis; ramped up to lOOsccm and then is 

gradually reduced, the dependence onlli~ chamber pressure upon the flow assumes a 
! I 1 ·i 

hysteretic form illustrated in FIG. 17. 'B.:etween abc;iut 50 and~ 70 seem of nitrogen, 

intermediate ramp-up pressures 200 arf ~elow h~iesponding intermediate ramp-down 

pressures 202. At lower pressures 20~ ~nd at higiier pressures 206, there is no significant 

separation between ramp up and rampi ~OW"Tl. It is .believed t~at the lower pressures 204 and 
.11 " " ,f 

intermediate ramp-up pressures 200 ca;hse sput'teri~g in metallic mode while higher pressures 
''I ,, .,, . 

206 and intermediate ramp-down pres~rres 202 cause sputtering in poison mode. 

These results show that, for higi{er op~f ational depos~tion rates in the generally 

preferred metallic mode, it is importanMo not ~xc~ed the int:~rmediate ramp-up pressures 
:11 

200, that is, not to exceed the maxim11'} metallic'.'"rbode flow, which in these experiments is 

70 seem or slightly higher but definiteJf below .80 seem Th~ argon and nitrogen can be 
: ' ',I 

:f 
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simultaneously and quickly turned on, bui preferably the DC power is aJso quickly turned on. 
I 

There are some applications, ho~~ver, wher~ operatiOI1 in poison mode is preferred. 
: :I • :, 

This can be achieved by first going to th~ !higher pr~ssures 206i and then decreasing to the 
. I 

ramp-down intermediate pressures 202. : Alternativ~y, poison mode can be achieved by 
111 : :! 

immediately turning on the desired gas ~ow, but/ ~nly gradually turning on the DC sputtering 
J ·i ! . : i; 

power supply at a rate of no more than J~kW Is. j ; :·; 

Titanium nitride was sputtered uNJo high ~spcct-ratio via holes in both metallic and 'I' , ., 
:., 1' . ': 

poison modes at a N2 flow of 50 seem i#id an Ai ~dw of 5 seem after the plasma had been 
: ·I ' ' '• 

struck in argon. These flows produce~ pressur~ oi 1. 7 milliil~rr in metallic mode and 2.1 
!Ii : • . 

rnilliTorr in poison mode The depositi~n rates are :~OOnm/min in metallic mode and 

30nm/min in poison mode. On one hand\ the Ti~ film stress is higher when it is deposited in 
: ,, : : :•I 

metallic mode, but on the other hand poi~on mode suffers from overhang and undulatory 
II•• ; · ,. 
" I • ·I 

sidewall thicknesses near the top of the Via hole! A series of ~xperiments deposited TiN into 
. I . '·' 

via holes of differing aspect r_ati~s. Th~l~esultin~-~~asured bh~tom co~erage, illustr~ted in 

the graph of FIG. 18, shows m lme 2101/fuat bo,ton:i coverag~ m metalhc mode remains 

relatively high even with an via aspectr,
1 

Jio of 5; while in line fu 12 the step coverage in poison 
1· , . 

mode is always lower and drops dramatihalty for aspect ratios of four and higher. However, 

when additionally the wafer is biased, s~~p cove~ag~ of TiN d.~osited in the poison mode is 
I I : I '! 

acceptable. 
1 ;I .· . '· ' 

The success of depositing TiN ~the saih~ Jhamber used for depositing Ti 

demonstrates that the Ti/TiN barrier c~ be depbsi~ed according to the invention in one 
!::i . . 

continuous operation. 

'I 
i j1 . ' 

Integrated tungsten plug process 1 
. ,. . · .. 

. I 

Two series of tests were performed to 1~mpnstrate an integrated process combining 

the Ti!IiN barrier deposited with the ai.ced magnetron ofthe:invention and a tungsten plug 

deposited by chemical vapor depositio~·f CVD)hnt~ the barril:r-caated hole. This 

combination has presented some probl~ms in tHe/ past because tungsten CVD typically uses 
'// I , :: 

tungsten hexafluoride (WF 6) as the gaseous pr~cursor. Wf 6 tends to attack Ti and to result 

in structures formed in the W plug res~~biing ~olJanoes, whlch produces voids in the plug. 

In the first series oftests, thebJl.ner layer consisted of 30nm of Ti covered by 30nm 
i:I , .. 
t: -23-
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of TiN deposited ·with the arced magnetfon of the invention in ,an otherwise conventional 

non-inductive sputter reactor. FoHowingthe Ti/TiN depositioh, the chip was subjected to 

rapid thermal processing (RTP) in whidh:.intense radiant lamps quickly heat the wafer surface 
•: : :· 

for a short period. In the second series :pf tests, the barrier lay;er consisted of 30nm of Ti 

covered by lOnm ofTiN deposited as itj!.ihe first seqes. Howlver, in the second test, before 

the Ti/TiN deposition the wafer was subjected to a.~lasrna prJclean, but there was no RTP 

afterwards. In either case, tungsten w~~;.f'en C vrJ i deposited lover the Ti!IiN. 

. These ex~e~ments show.that n:fr~er proc~sf pr~ducej vo~canoe.s. _F,urt~ermore, 
thickness and res1stJV1ty of the T1N show good urufornuty. The T1N resistivity is measured 

. ,, I 
to be less than 45µ.Q-cm. Bottom covf~~ge of2oir~ for the T~/Ti bilayer is observed in 

holes having aspect ratios of 5: l witho~~:the use of wafer biasj'ing. Wafer biasing produces 

the same bottom coverage in holes havi£g aspect ratios of 1O:1. Thus, the Ti/TiN process 

perfom1ed v.ith the magnetron of the invention ca.riibe succes fully integrated into a tungsten 

plug process. The inventive magnetron::can also be used to s~utter deposit other materials, 

for example, W, using a tungsten targe~l or TaN, u~ing a tant~um target and nitrogen gas in 

the plasma_ Reactive sputtering of ~'.is also coriiemplated. r :.! :1 

The magnetron of the inventio~i:~s thus effitjent in pro(iucing a high ionization 

fraction because of the high-density pl~ma it can c~eate withbut excessive power being 

required. Nonetheless, its full coverag~·allows fo~funiform dlposition and full target 

utilization Its sputtering uniformity 1J;~bod. No~~theless, nb complex mechanisms are 

require~he effectiveness of the rnagnJLn of the Jvention J providing high-performance 

full-coverage sputtering is based on thr~~ interrela~l!d synergJtic effects. The magnetron has 
h·1 '; I 

a small magnetic area. Thereby, the a~~tage magnetic field can be made high, and the plasma 
·.p. I' I :1r. ; 

losses reduced. The small magnetron also allows al high average power density to be applied .·.. ,, I 
i., 

to the area of the target beneath the magnetron. that is, although the electrical power 

applied to the target as a whole is relati,~ely mode~t, the eledncal power density and 

resulting plasma density in the area a~µ~ly being ·~puttered Jt any instant is high. The 

asymmetry of the inner and outer magm~tic poles ~tthe maJetron produces portions of the 

magnetic field extending vertically sudbunding th~: periphe] of the magnetron and extending 
:. ,. i I ·11 

far into the chamber. This magnetic :fieid distribution reduces plasma losses and guides 
: ~ : 
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ionized sputtered particles to the substrat~. All of these advantages are enjoyed in a 

magnetron providing full coverage spurt,ePng of the target with only circumferential 
::• !!. 

scannfog, and in a magnetron that can He:?ptimally shaped to produce uniform target 

sputtering and uniform substrate depositiQn. 
: :.1 

Such a small, high-field magnet ~ables sustained self-sputtering with relatively 

modest target power and also enables sJUttering of materials such as aluminum and titanium 
.·!!' ' 
Iii! ! 1 

at reduced pressures below 0.5 milliToq~ prefer~bly below 0.2 milliTorr, and even at 0.1 
'i!' : 

milliTorr. At these pressures, deep hole filling can be facilitated by the reduced scattering of 

sputtered particles, whether neutral or 1onized, and by the red~ced neutralization of ionized 
!~ : . :: I 

particles. However, at least for titaniu~, it has been found that with the use of the 
;!, ' ,1 

magnetron of the invention, deposition. 11tte and bottom cover~ge are improved with working 
! .! ·: 

gas pressures above 0. 7 milliTorr The:~trigh-fidd magnet further promotes a high ionization 
·!' i ~ i i 

fraction, which can be drawn into a deep, narro'i" hole by biasing of the wafer within proper 
I • ~ : ! 

ranges. 
;I. 

All of these advantages are obt~ble in a conventio1*l capacitively coupled DC 
!;;· '! !1 

sputter reactor using a magnetron of fair~y simple design. or~ourse, the magnetron of the 
i>i: -: 

invention can also be advantageously u~ed in ~ther types of sputter reactors, such as an HDP 
;~ i ~ 

reactor relying upon inductively couple~ RF power. 

::JJ.' 

.: l 

[,:' 
! .. :". 
!~ : . . . 

.1. 
:; . 

'. 

·~ : '. : 
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What is claimed is: 
.i 

. i 
•I 

i1 :-: 

1. A magnetron assembly posit~obable at a backside of a sputtering target and 
:j '! I 

!1'.' 
rotatable about a center position of sakltarget, comprising a single magnetron 

LI .. 
asymmetrically disposed about said cedt¢f position and includihg: 

11···•1 , I 

il"·:·I I 

a first pole of a first magnetic p;pl¥ity comprising a cl~sed band having a central 
~ .. ; ! . 

aperture and extending from said center. of said target across a first distance toward a 
II "I :. 
·j'. I 

circumferential periphery of said targ~/::~d 
i!· .. ;·1 . . 

a second pole of a second magiil~~ic polarity :disposed iii said aperture and separated 

from said first pole by a gap extending·~bng a surf~;ce of said;target; 

wherein said outer pole enclose~:lil:;first J~a divided int~ an inner area closer to said 
lj!:; ' ' : 
'11 ' 

cenier position than half of said first di~--ance and an outer are'a further from said center 
1;1li : i 

position than half of said first distance, !~herein said outer area is greater than said inner area. 

2. The magnetron assembly o(¢1aim 1, wherein said brst distance equals a radius of 
' .· ;~ 

a usable portion of said target plus or Wnus 15%. i~ 
·~ 

-:: 

,, ~\ !~ 
3. The magnetron assembly of.Claim 1, wherein said first pole has an oval outer 

~· . . 
!1.·:: ' 

shape with a major axis extending aloie:[a radius of said targ~. 
!: ~: i 

f;. ::[ . 

4. The magnetron assembly of qiaim 3, wh~rein said ·oval shape is egg shaped with a 

minor axis thereof positioned outwarqlyjof half of ~aid target :radius. 

~.:::;: i 
:~ : : . . ; I ~: : 

S. The magnetron assembly of ¢laim 1; wHerein said :oval shape is a triangular shape. 
::,-•''; i 
,; .. ·;.1 

:1f Ii ; : 

6. The magnetron assembly o~lflaim ~.; w~erein said;triangular shape includes two 

straight portions extending outwardly from a centef of said target and an arc portion adjacent 
l[ll I I I 

•,!/:i ! f 

an outer periphery of said target. 

7. The magnetron assembly of;:pairn 6: wherein said'triangular shape includes two 
. ' . . I 

·.j; 

straight portions extending outwardly {tom a center of said ~rget and inclined toward each 

-26-
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other at an angle of 60°± 15°. 

! .· 

I• j 

8. The magnetron assembly of Claim i; ~herein said first pole creates an integrated 
;·; . ,;. 

magnetic flux at least 50% greater than!:ihat created by said se4ond pole. 

9. The magnetron assembly ofGlaim s; wherein said first pole creates an integrated 

magnetic flux at least twice th~t create~jby said second pole. ~ 
1:·· ' 

. . ;: 

~(129 

10_ A racetrack magnetron ass,~mbly positionable at a 1backside of a sputtering target 
:· : ; ·~ 

and rotatable about a center position ofj:said target, comprising a single magnetron 
1::!. 

asymmetrically disposed about said cent~r pos1tibn and including; 
• :" i.'.· I 

ri ,q 

a first pole of a first magnetic p?larity comprising a cl~sed band extending a first 

distance from said center of said target '~~ward ~:circumferential periphery of said target and 

having two opposed straight portions ~ktending substantially Parallel to said radius of said 
. f . . 

target and disposed asymmetrically with[respe¢t
1
,to said center position; and 

.· . I· 

a second pole of a second ma~etic polarlty opposite ~aid first magnetic polarity 
!·, . :!! 

disposed in said aperture and separate~· from said first pole by a gap extending along a 
) : 

surface of said target. · 
: : 
i I . ,. 

J :.: ;Ii 

11. The magnetron assembly o~:Claini \0, wherein sJd first distance equals a radius 

of a usable portion of said target plus A~. minus l 5%. ·~ 

j:': ' 
I" ' ·, ' 

12. The magnetron assembly df'Claun fl, wherein an inner end of said closed band 

lies within 20% of said radius from sJ~: .center position. /: 
' . ~ . 'i 

,. 
' ' i··.. i !! 

13. The magnetron assembly ~f Claim 12, wherein said inner end overlies said center 
i .• 

position. : i. 

I i: 
' !. ' 

14. The magnetron assembly of Chum 10, further comprising: 
f1 

a first plurality of magnets of ~l first magnetic strengtq disposed as part of said first 
' ~ 

pole; and 1, .: 
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a second plurality of magnets of a second.magnetic str~ngth greater than said first 
I . : 

magnetic strength disposed as part of said second pole. 
'i 

:1 
. . I 

15. The magnetron assembly or;t'.::1aim 14, :wherein a tbta\ magnetic flux of said first 
: ·' I· 

plurality of magnets is greater than a tdf~ magnetic flux of said second plurality of magnets . 
. ,. 
;! 

i: 

! jl ·: 

16. A magnetron assembly positionable at a backside qf a sputtering target and 
.: 

rotatable about a center position of sai~i ~arget, comprising: 
':1 

a first pole of a first magnetic p9}~ty, pro;ducing a :fir~t value of an jntegrated 
I'' !f 

magnetic flux, and comprising a closed ~and ha'1ingia central aperture extending a first 
···i /' 

ieJ (I .'.l (I 

distance from said center of said targe1; ~ward a circumferen~al periphery of said target; and 
i: !! : I 

a second pole of a second magri~c polari~ opposite ~aid first magnetic polarity, 
'·I II, 

producing a second value of an integrated magn~tic; flux, disposed in said aperture, and 
ili: i .' : 

separated from said first pole by a gap,~ending along a surface of said target; 
i J· 

wherein a ratio of said first valJ~ to saidi:second value'is at least I. 5. 
'I I . 

. ':· ··1 

. ''•. ':, 

I j! . r 
17. The magnetron assembly of;:Claim 16; wherein sa~d ratio is at least 2. 

:1 i!i 
... , 
i -~ i ! 
. •1 I 

18 The magnetron assembly ofi1Claim 16; wherein a kictth of said first pole at a 
1 ii . · 

second distance, equal to half said first :qistance; from said center is less than said first 
:i' 

distance. , :I. 
!. ~ ' . ,, 

,,: I 

: :1· : !!i 

19. A magnetron assembly po!S.i,tionable at a back of J substantially circular 
:.i:: . 

sputtering target, comprising: · :· , 
i. ~ I ;~· 

an inner pole piece of a first rti~etic polarity; and 
•I ! 

an outer pole piece of a secon~)nagnetic polarity op~osite said first magnetic polarity 
! .1 • ' ' ~ 

surrounding said inner pole piece, sep~ated ther~ftom by a ~,ap, and extending across a 

radial distance extending along a diarrieter directioq of said tJrget from a first point to a 
1J i ! :, 
1 1: I ' t 

second point, , r , · 

wherein said first point lrs within do% of said ~adial distance from a center of 

said target, 

This Sheet Has Been Replaced 

I lllllll llllll l\11111 Ill\ 

. :·I . : 

·1. ' 

. ·i 
" .I 

.1 

:·I 
,_!I. 
; ~ : 

Ji'; 
. :11 
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wherein said second pointis closer to said outer periphery than to said center, 

and 
I :; i : 

wherein an area of said second pole further tha~ half said radial distance from 
:;: 

said center of said target is at least 50% larger than an area o{~aid second pole closer than 

half said radial distance from said center .of said target. 

20. The magnetron assembly of Claim l9,.wherein saip first point is within 10% of 
! .J, !:1 

said radial distance from a center of said: Jarget 

21. A triangularly shaped mag~etron, corriprising: 

a triangularly shaped inner pole f~ce; , 

a plurality of first magnets of a !fi.Jst mak~tic polarity ~isposed in an hexagonal close-

packed arrangement adjacent to a planar side of sfild inner pate face; 
.. ~ 

a generally triangularly shaped o~ter p9Ie face surrourlding said inner pole face and 
:; ![ . 

having two substantially straight sides p1eeting~at an apex and_.a third side joined to ends of 

said straight sides opposite said apex; and i) 
!!! 

a plurality of second magnets o~~ secoFd magnetic polarity disposed in a closed path 

along and adjacent to a planar side of said out~r p,ole face. 
i 
I : :; 

·' u 
22. The triangular magnetron of Claim 21, wherein sfild third side has an arcuate 

1 :1 

shape concave with respect to said apTx: '! : · 

i : 

;i 

23. The triangular magnetron of Claim 21, wherein siid first magnets have a first 
'I :: 

magnetic strength and wherein said second m~gnets comprise third magnets having said first 
. ,, I 

magnetic strength and disposed along/said thl~d side and fou~h magnets having a second 

magnetic strength less than said first m~gnetic strength and ~isposed along said straight 
·:1 . I! 

sides. .,, :. l 

' . 
f I I 

24 A triangularly shaped magnetron disposable at a packside of a substantially 

circular sputtering target, comprising: . 

a triangularly shaped inner pole of a first magnetic p~larity; 

-29-
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I 

a generally triangularly shaped outer pole of a second magnetic polarity opposite said 
. '" 

; ! ~ /.ii 

first magnetic polarity surrounding said iriner pole, separated therefrom by a gap, and having 

first and second sides generally extendih~ along radial directions of said target and joined at 
!!! :;i. 

an apex corner and a third side connectirig said first and seconh side away from said apex 

corner, said apex comer being disposed near a center of said target within 20% of a radius of 

said target. 

25. The magnetron of Claim 24;·:,wherein third side h~,~ an arcuate shape concave 

with respect to said apex comer. 
1:1 

!ii 

26. The magnetron of Claim 2;5;,.wherein said third side is located near an outer 
: :i ;;~ 

periphery of said target within 25% ofrs~d radius of said targk 
I 

:·i " 
. 1•1 :;f: 

27. The magnetron of Claim 2;4~ wherein said inner aJ,id outer pole pieces are 

rotatable about said center of said targt1i parallel to a face of ~aid target. 
! 1, f~ 

28. A plasma sputtering reactor~ comprising: 

a vacuum chamber, ! I 

a pedestal for supporting a subs~rate within said chan1per; 
.. , :1:1 

a sputtering target in opposition to said pedestal and adapted to be electrically 

coupled for plasma sputtering; and ';I 

a magnetron disposed on a sidb !or said target opposite said pedestal and including an 
j;I . . 

outer pole face of a first magnetic pol~ and surrounding ~ inner pole face of a second 

magnetic polarity opposite said first ma~netic polarity and a ;otation shaft for rotating said 
f.li :1 

magnetron about a center of said target~ ~ii 

wherein said outer pole face encloses a first:area divided into an inner area closer to 

said center position than half of a first d~stance extending fropi said center of said target to an 
. ~ 

outer periphery of said target and an ~niter area further from~1said center of said target than 

half of said first distance_ 
ii 

29. The reactor of Claim 28 wherein a periphery of gaid outer pole face is smaller 

than a periphery of said a circle extending from said center to said periphery of said circle. 

-30-



iO:OS ·oo 16:2,i F.U ,l,i !_:5±1 S7H~~1 __ ~l=.YS:\GHT & 

: ::'./j!·· 

Docket No. 2390.P l 

11111111111111 11111 11111111111 
* C L M S * 

I 

co. _. II" p L.-\I 

30. The reactor of Claim 28, whirrein said outer pole fl ce, srud gap, and said inner 

pole face have oval shapes. 

I 

31. The reactor of Claim 28, whlrein said outer pole ce has an egg shape with a 

· · 1 d 1 ·<l · h i f ·d , h II ·d h f mmor aXJs ocate c oser to sat penp ery o sa1 target t an sa1 center t ereo . 
I 

32. The reactor of Claim 28, wh~rein said outer pole ; ce has a triangular shape. 

33. The reactor of Claim 32, wlrein s8id triangular s ape has an arc portion 

adjacent to said periphery of said target.: 

I 

@oJ.J 

34. The reactor of Claim 28, furjther comprising a DO power supply of at least 18kW 
I 

connectable to said target. 

I 

3 5. The reactor of Claim 28, wl}erein said outer pole ace creates an integrated 
I . 

magnetic flux at least 50% larger than tqat created by said i r pole face. 
I 

I 
I 

36. The reactor of Claim 3 S, fu~her comprising a D · power supply of at least 18kW 

connectable to said target 

37. A plasma sputtering reacto]
1
, cornprisin~. 

a vacuum chamber, 

a pedestal for supporting a subs rate within said ch . er; 

a sputtering target in oppositioJ to said pedestal and adapted to be electrically 

coupled for plasma sputtering; and I . :l 
a magnetron disposed on a side of said targ~t opposit said pedestal and including an 

outer pole face of one magnetic polarity producing an integr; ted magnetic flux of a first 
I :· . 

value, surrounding an inner pole face of another magnetic po arity producing an integrated 

magnetic flux of a second value, and a Jotation shaft for rota ing said magnetron about a I . . 
center of said target; 
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wherein a ratio of said .first value lo said second value is at least I. 5. 
I . 

I 
I 

3 8. The reactor of Claim 3 7, wherein said ratio is at least 2. 
I 

I 
! 

39. The reactor of Claim 37, wh~rein said outer pole f~ce extends from said center 

of said target to a peripheral portion of sLd target and has an Jr.ea smaller than a similarly 

extending circle. 

., 

40. The reactor of Claim 39, further comprising a DCpower supply of at least 18kW 

connectable to said target. 

41. The reactor of Claim 3 7, fu~her comprising a DC ./power supply of at least l 8kW 

connectable to said target. I ! 

42. The reactor of Claim 37, fuler comprising: 

a DC power supply connectable io said targey; 

an induction coil coupled into an interior of said cham9er; and 
·i 

an RF power source connectable to said induction coil 

4 3. A method of sputtering all1m from a target cbmprising aluminum onto a 

substantially circular working substrate lupported on a pedes;a1 in a system including a 

magnetron disposed on a side of said tJget opposit~ said pedestal and including an outer 

pole face of one magnetic polarity and s~rounding an inner pple face of another magnetic 

polarity and a rotation shaft for rotating! said magnetron aboui a center of said target, 

wherein said outer pole face extends ~l said centJr of said target to a peripheral portion of 

said target and has an area smaller than~ similarly extending Jircle, said method comprising: 

admitting a working gas into a Jacuum chamber cont~ning said target and said 

pedestal; 

pumping said vacuum chamber to a pressure ofless than 0.35 milliTorr; 

applying a DC power to said taJget of no more than iiskW normalized to a circular 

reference substrate having a 200mm diJmeter to thereby excite said working gas into a 
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plasma to sputter aluminum from said tai;get onto said working substrate. 

44 The method of Claim 4 3, wherein said ptessure is r more than 0. I milliTorr 

45. A method of sputtering material from a target comprising a metal onto a 

substantially circular working substrate ~pported on a pedest~l in a system including a 

magnetron disposed on a side of said tarket opposite. said pedbstal and including an outer 

pole of one magnetic polarity and surro~nding an inrier pole o} another magnetic polarity and 

a rotation shaft for rotating said magnet,on about a ~emer of laid target, wherein said outer 

pole extends from said center of said target to a peripheral portion of said target and has an 

area smaller than a similarly extending circle, said mOthod coiprising: 

pedest:dmitting a working gas into a v~cuum charnper contlllllll' 'ng said target and said 

pumping said vacuum chamber t~ a pressurelofless th: 0.35 milliTorr; 

applying a DC power to said ta~et to thereby excite td working gas into a plasma 

to sputter said metal from said target onto said working subs~rate; and 

applying an RF power to said pedestal in an amount 1 ss than 250W as normalized to 

a circular substrate having a 200mm diameter. 

46. The method of Claim 45, wherein said irietal comprises titanium. 

4 7. The method of Claim 45, further corn prising admltting nitrogen into said 

chamber to reactively sputter a metal nitride onto said worki g substrate. 
I 
I . 

I 
48. A method of sputtering a material from a target 

! 
mprising a metal onto a 

substantially circular working substrate ;supported on a pede al in a system including a 

magnetron disposed on a side of said t~get. oppos.ite said p4estal and inc!udin~ an outer 

pole o~ on~ magnetic polanty and surro~d.ing an mne~ pole Jf another. magnetic p~lanty, . 

wherem said outer pole extends from said center ofrsard targr to a penpheral port10n of said 

target and has an area smaller than a similarly extending circl~, said method comprising: 

rotating said magnetron about a• center of said target o achieve full sputtering 

...... 
-.) .)-
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coverage of said target; and I I 

capacitively coupling power into ~id chamber at least fartially by applying DC 

power to said target but not including inductively coupling pojer into said chamber to 

thereby excite said working gas into a plJsma to sputter said metal from said target onto said 

working substrate, an amount of said DC power being no morl than 18kW normalized to a 

circular reference substrate of 200mm di~eter, thereby achie~ng bottom coverage of at 

least 25% in a hole having an aspect ratid of at least 5 _ 
. ;) 

j 

49. The method of Claim 48, wh,~rein said metal comp,rises aluminum 

50. The method of Claim 48, fulher comprising appJng RF power to said pedestal. 
:1 
·1 

I 
51. The method of Claim 48, wHerein an amount of RF power applied to said 

pedestal at a frequency of no more than ~3.56Y1Hz is no mor~than 300W normalized to said 
I . 

circular substrate having said 200mm diameter. I' 

52. The method of Claim 51, wl.rein said frequency· no more than 2MHz and said 

amount of RF power is less than 250W. ! 
I 

53. The method of Claim 48, wtrein said metal com~rises titanium and said method ,, I 
further comprises admining argon into s·~id chamber to a pressure of at least 0.7 milliTorr. 

54. The method of Claim 53, fuLer comprising appling RF power to said pedestal 

at a frequency of no more than 13 .56t and in an ·amount f no more than JOOW 

normalized to said circular reference su~strate having said 20 mm diameter. 
., 
i 
I 

I 
55. A method of sputtering a material from a target c mprising a metal onto a 

working substrate supported on a pedes~al in a system includ~g a magnetron disposed on a 
I I 

side of said target opposite said pedestal and including an outer pole of one magnetic polarity 

and surrounding an inner pole of anothJr magnetic polarity, 4herein said outer pole extends 

from said center of said target to a periJheral portion of said iarget and has an area smaller 
I 
I 
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I 
than a similarly extending circle, said metrod comprising: 

rotating said magnetron about a center of said target to: achieve full sputtering 

coverage of said target; and 

capacitively coupling power into ~aid chamber at least partially by applying DC 
I 

power to said target but not including inductively coupling power into said chamber to 

thereby excite said working gas into a plJsma to sputter said metal from said target onto said 

working substrate, an amount of said od power b~ing no mor~ than l 8kW normalized to a 
'I 

circular reference substrate of 200mm diameter, thereby achieVing an ionization density of 
I 

said metal of at least 20%. 
1 

I ' 

56. The method of Claim 55, w~erein said metal comprises aluminum. 

I 
57. The method of Claim 55, w~erein said metal comprises copper. . I 
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