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MODULA TED POWER FOR IONIZED METAL PLASMA DEPOSITION 

FIELD OF THE INVENTION 

The present invention relates to plasma generators, and more particularly, 

to a method and apparatus for generating a plasma to sputter deposit a layer of 

material or to etch a layer of material in the fabrication of semiconductor devices. 

5 BACKGROUND OF THE INVENTION. 

Plasmas have become convenient sources of energetic ions and activated 

atoms which can be employed in a variety of semiconductor device fabrication 

processes including surface treatments, depositions, and etching processes. For 

example, to deposit materials onto a semiconductor wafer using a sputter 

10 deposition process, a plasma is produced in the vicinity of a sputter target 

material which is negatively biased. Ions created adjacent the target impact the 

surface of the target to dislodge, i.e., "sputter' material from the target. The 

sputtered materials are then transported and deposited on the surface of the 

semiconductor wafer. 

15 Sputtered material has a tendency to travel in straight line. paths, from the 

target to the substrate, being deposited, at angles which are oblique to the 

surface of the substrate. As a consequence, materials deposited in etched 

openings, including trenches and holes of semiconductor devices having 

openings with a high depth to width aspect ratio, may not adequately coat the 

20 walls of the openings, particularly the bottom walls. If a large amount of material 

is being deposited, the deposited material can bridge over, causing undesirable 

cavities in the deposition layer. To prevent such cavities, sputtered material can 

be redirected into substantially vertical paths between the target and the substrate 

by negatively biasing (or self-biasing) the substrate and positioning appropriate 

25 vertically oriented electric fields adjacent the substrate if the sputtered material is 

sufficiently ionized by the plasma. However, material sputtered by a low density 

plasma often has an ionization degree of less than 10% which is usually 
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insufficient to avoid the formation of an excessive number of cavities. 

Accordingly, it is desirable to increase the density of the plasma to increase the 

ionization rate of the sputtered material in order to decrease the formation of 

unwanted cavities in the deposition layer. As used herein, the term "dense 

5 plasma" is intended to refer to one that has a high electron and ion density, in the 

range of 1011-1013 ions/cm3
• 

There are several known techniques for exciting a plasma with RF fields 

including capacitive coupling, inductive coupling and wave heating. In a standard 

inductively coupled plasma (ICP) generator, RF current passing through a coil 

1 O surrounding the plasma induces electromagnetic currents in the plasma. These 

currents heat the conducting plasma by ohmic heating, so that it is sustained in a 

steady state. As shown in U.S. Pat. No. 4,362,632, for example, current through a 

coil is supplied by an RF generator coupled to the coil through an impedance­

matching network, such that the coil acts as the first windings of a transformer. 

15 The plasma acts as a single tum second winding of a transformer. 

Although ionizing the deposition material facilitates deposition of material 

into high aspect ratio channels and vias, many sputtered contact metals have a 

tendency to deposit more thickly in the center of the wafer as compared to the 

edges. This "center thick" deposition profile is undesirable in many applications 

20 where a uniform deposition thickness is needed. 

As described in copending application Serial No. 08/680,335, entitled 

"Coils for Generating a Plasma and for Sputtering.'' filed July 10, 1996 (Attorney 

Docket # 1390CIP/PVD/DV) and assigned to the assignee of the present 

application, which application is incorporated herein by reference in its entirety, it 

25 has been recognized that the coil itself may provide a source of sputtered material 

to supplement the deposition material sputtered from the primary target of the 

chamber. Application of an RF signal to the coil can cause the coil to develop a 

negative bias which will attract positive ions which can impact the coil causing 

material to be sputtered from the coil. Because the material sputtered from the 

30 coil tends to deposit more thickly at the periphery of the wafer, the center thick 

tendency for material sputtered from the primary target can be compensated by 

the edge thick tendency for material sputtered from the coil. As a result, 
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uniformity can be improved. However. a need exists for improved control over the 

quantity of material sputtered from the coil to increase further the degree of 

uniformity of deposition that may be achieved. 

It has been recognized that the sputtering rate for material sputtered from 

5 the coil may be nonuniform around the perimeter of the coil. Hence the ability to 

achieve a desired level of uniformity may be adversely affected in some 

applications. 

It has further been recognized that the coil can develop a hot spot which 

can cause uneven heating.of the substrate. This uneven heating of the coil can 

1 O also cause reliability problems in that portions of the coil may become too hot and 

deform, and may also cause parti~ulates deposited on the coil to flake off and 

contaminate the substrate. Since single tum coils are typically required to carry a 

relatively high level of current. these problems can be more.pronounced in such 

single turn coils. 

15 As set forth in copending application Serial No. entitled "Use 

of Variable Impedance to Control Coil Sputter Distribution," filed May 16. 1997 

{Attorney Docket# 1737 /PVD/DV} and copending application Serial No. 

-----·· entitled "Use of Variable Impedance to Control Coil Sputter 

Distribution," filed May 16, 1997 {Attorney Docket# 1800/PVD/DV} and assigned 

20 to the assignee of the present application, which applications are incorporated 

herein by reference in their entirety, this "hot spof' on the coil may be shifted 

around the coil as the deposition progresses by repetitively changing one or more 

impedances coupled to the coil. As a result, the coil may be more uniformly 

heated and sputtered. However, changing the inductance of an inductor (or the 

25 capacitive of a capacitor) coupled to the coil may not be appropriate in some 

applications. Accordingly, a need exists for additional processes and apparatus 

which can improve the uniformity of deposition of ionized material onto a 

substrate. 

30 

SUMMARY OF THE PREFE~RED EMBODIMENTS 

It is an object of the present invention to provide an improved method and 

apparatus for sputter depositing a layer which enhances uniformity of deposition 

of sputtered material. 
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These and other objects and advantages are achieved by a plasma 

generating apparatus in which, in accordance with one aspect of the invention, 

the output of an RF generator coupled to an RF coil is varied to shift RF voltage 

distributions along the length of the RF coil. It has been noted that the RF voltage 

5 distributions along the coil influence the plasma properties such as the plasma 

density and potential profiles and electron and ion movements including ion 

bombardment of the coil and substrate being deposited. It has further been noted 

that the instantaneous RF voltage distributions along the coil are not uniform or 

symmetric about the symmetry axis of the coil. These nonuniform and 

10 asymmetrical instantaneous RF voltage distributions along the coil can lead to 

nonuniform and asymmetrical hea~ing of both the coil and the substrate as well as 

nonuniform sputtering of the coil and nonuniform deposition of material on the 

substrate. 

In accordance with one aspect of the present invention, it is recognized that 

15 varying a parameter of the RF signal applied to the coil during a sputtering 

operation can move or vary the RF voltage distributions along the RF coil so that 

minima and maxima points of the RF voltage distribution along the coil are not 

fixed at particular regions of the coil. Instead, the RF voltage distribution can be 

repeatedly moved around the coil in a rotational or other motion. In addition, the 

20 ionization pattern of the plasma associated with the RF voltage distribution may 

be similarly moved in conjunction with the movement of the RF voltage 

distribution. As a consequence, the RF coil and substrate can be more uniformly 

and symmetrically heated, by time-averaging, because a "hot spot" of sputtering 

can be avoided. In addition, the coil itself may be more uniformly sputtered and 

25 the deposition material can be more uniformly deposited. 

30 

In one embodiment, the RF generator is programmed so that the frequency 

of the RF signal cyclicly shifts to various frequencies. In an alternative 

embodiment the power level of the output is cyclicly shifted. In this manner, the 

voltage distributions along the coil may be cyclicly shifted to improve uniformity. 

These and other objects and advantages are achieved by a plasma 

generating apparatus in which, in accordance with one aspect of the invention, 

the RF energy applied to a coil for the purpose of inductively coupling RF energy -
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into a plasma, is modulated so as to enhance the abllity to control the bias level 

of the coil. It is believed that the power level of the modulation can control the 

sputtering rate of the coil to provide enhanced control over the uniformity of 

deposition. As a result, improved uniformity may be achieved. In addition, the 

5 power level of modulation may be controlled separately from power level of the 

RF energy being app.lied to the coil to ionize the plasma. Consequently, the 

ionization rate and the coil sputtering rate may be more controlled more 

independently of each other to provide greater latitude in optimizing these factors. 

In the illustrated embodiment, an RF generator is coupled to one end of a 

1 O coil in a sputtering chamber through an impedance matching network· which is 

tuned to minimize the reflection of ~F energy back to the generator. A second 

generator is coupled to the other end of the coil through a filter. The second 

generator, referred to herein as a modulation generator, modulates the RF energy 

supplied by the RF generator at a lower frequency such as a few hundred 

15 kilohertz. It is believed that this low frequency modulation of the RF signal 

applied to the coil directly affects the biasing induced on the coil and therefore 

directly affects the.sputtering rate ofthe coil. ,Moreover, the impedance matching 

network tends to block the lower frequency signal such that much of the power 

contributed by the modulation generator is expended primarily through the 

20 plasma. Hence, it is believed that the sputtering rate may be controlled by the 

power level of the modulation generator with a degree of independence from the 

power level provided by the RF generator. Hence these two power levels may be 

controlled to optimize plasma ionization rate and coil sputtering more . 

independently. As a consequence, the amount of material deposited at the edges 

25 may be controlled more independently and the uniformity of the thickness of the 

deposition may be improved. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a perspective, partial cross-sectional view of a plasma generating 

chamber for sputter depositing a layer in a manner in accordance with an 

30 embodiment of the present invention. 

Fig. 2 is a schematic diagram of the electrical interconnections to the 

plasma generating chamber of Fig. 1. 
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Fig. 3 is a schematic diagram according to one embodiment of the 

impedance-matching network and the plasma generating chamber of Fig. 2. 

Fig. 4 is a graph depicting shifts in RF voltage distribution along a coil as a 

function of RF generator frequency change. 

Fig. 5 is a schematic diagram according to another embodiment of the 

impedance-matching network and the plasma generating chamber of Fig. 2. 

Fig. 6 is a schematic diagram of an alternate embodiment of electrical 

interconnections to.the plasma generating chamber of Fig. 1. 

Fig. 7 illustrates an RFsignalmodulated at a lower frequency. 

1 O Fig. 8 illustrates the center thick deposition profile of a planar target and an 

edge thick deposition profile of a p~ripheral coil target. 

DETAILED DESCRIPTION OF THE DRAWINGS 

Referring first to Figs. 1-2, an example of a plasma generator used in 

accordance with an embodiment of the present invention comprises a 

15 substantially cylindrical plasma chamber 100 which is received in a vacuum 

chamber 102 (represented schematically in Fig. 2). The plasma chamber 100 of 

this·embodiment has a single turn coil 104 which is carried internally of the 

vacuum chamber walls by a chamber shield 106 which protects the interior walls 

of the vacuum chamber 102 from the material being deposited within the interior 

20 of the plasma chamber 100. Radio frequency (RF) energy from an RF generator 

300 (Fig. 2) is radiated from the coil 104 into the interior of the plasma chamber 

100, which energizes a plasma within the plasma chamber 100. In accordance 

with one aspect of the present invention, the output of the RF generator 300 to 

coil 104 can be continuously or repeatedly modulated during a sputtering 

25 operation to cyclicly shift or rotate the RF voltage distributions along the RF 

30 

coil 104, and to shift the associated ionization of the plasma. As a consequence, 

the RF coil 104 and substrate 112 are more uniformly and axially symmetrically 

heated, and the deposition material is more uniformly sputtered from the coil, by 

time-averaging. 

An ion flux strikes a negatively biased target 11 O positioned above the 

plasma chamber 100. The plasma ions eject material from the target 11 O onto a 

substrate 112 which may be a wafer or other workpiece supported by a pedestal 
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114 at the bottom of the plasma chamber 100. An optional rotating magnet 

assembly 116 may be provided above the target 110 to produce magnetic fields 

which sweep over the face of the target 11 O to promote uniform erosion by 

sputtering of the target 110. 

5 The deposition material sputtered from the target 110 passes through the 

plasma energized by the coil 104 prior to being deposited on the substrate 112. A 

portion of the deposition material passing though the plasma is ionized by the 

plasma. The ionized deposition material is then attracted to a negative potential 

on the substrate 112. In this manner, the ionized deposition material is redirected 

1 O to a more vertical path which facilitates depositing more material into high aspect 

ratio openings in the substrate. Al~hough the illustrated embodiment is described 

in connection with sputter deposition, it is contemplated that the present invention 

is useful in connection with etching and other semiconductor fabrication 

processes as well. 

15 Fig. 2 includes a schematic representation of the electrical connections of 

the plasma generating apparatus of this illustrated embodiment. To sputter target 

material onto the substrate 112, the target 11 O is· preferably negatively biased by 

a variable DC power source 302 to attract the ions generated by the plasma. In 

the same manner, the pedestal 114 may be biased by a variable RF power source 

20 304 to bias the substrate 112 negatively to attract the ionized deposition material 

to the substrate 112. In an alternative embodiment, the pedestal 114 may be 

biased by a high frequency AC power source to bias the substrate 112 so as to 

attract the ionized deposition material more vertically to the substrate 112. In yet 

another alternative embodiment, external biasing of the substrate 112 may be 

25 omitted. 

One end b of the coil 104 is coupled to an RF source such as the output of 

an amplifier 396 and impedance-matching network 306, the input of which is 

coupled to the RF generator 300. The other end d of the coil 104 is coupled to 

ground, preferably through a capacitor 308, which may be a variable capacitor. 

30 The impedance-matching network 306 adjusts the combined impedances of the 

RF coil 104 and the network 306 to match the impedance of the RF generator 300 

so that RF energy will be efficiently transmitted from the RF generator 300 to the 
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RF coil 104 rather than being reflected back to the generator 300. 

As set forth above, it has been noted that the RF voltage distributions 

along the coil 104 can influence various properties of the plasma. These plasma 

properties include the plasma density and potential profiles, and ion bombardment 

5 of the coil 104 and substrate 112 being deposited. Because the instantaneous 

RF voltage distributions along the coil 104 are not uniform and are not axially 

symmetric about the symmetry axis of the coil 104, nonuniform and asymmetrical 

heating of both the coil 104 and the substrate 112 can occur as well as 

nonuniform sputtering of the coil and deposition of material on the substrate 112. 

1 O Thus, nonuniform and asymmetrical heating of the coil 104 can cause reliability 

problems, in that portions of the coil 104 may become too hot and deform, and 

may also lead to the flaking of particulates deposited on the coil 104 which can 

contaminate the substrate 112. The nonuniform and asymmetrical instantaneous 

RF voltage distributions along the coil 104 and the consequent nonuniform effects 

15 can be most prominent when the coil 104 is a single tum coil. 

In accordance with the present invention, the frequency of the RF signal 

supplied by the RF generator 300 to the RF coil 104 can be repeatedly changed 

or tuned in repeating cycles during a sputtering operation to vary or move· the RF 

voltage distributions along the RF coil 104, and thereby also rotate the ionization 

20 profile of the plasma about the coil axis. As the voltage profile is varied to 

continuously move the minimum, peak or other reference points of the voltage 

around the coil in an orbital or other path about the plasma region, the regions of 

plasma having varying ionization fractions, or rates may in effect rotate about an 

axis within the plasma region. As a consequence, the RF coil 104 and substrate 

25 112 can be more uniformly and axially symmetrically heated, and the target and 

coil material can be more uniformly deposited, by time-averaging, because the 

regions of highest to lowest ionization fraction (or plasma density) can more 

equally contribute to sputtering of the coil and target. 

Fig. 3 is a schematic diagram illustrating one embodiment of an 

30 impedance-matching network 306 (excluding amplifier 396) having an input 

capacitor 310 with·a variable capacitance Cm, a parallel match capacitor 312 with 

a variable capacitance Cmatch and a series match inductor 314 with an inductance 
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'-matdl coupled through the vacuum chamber 102 to one end of the coil 104. A 

blocking capacitor 308 is coupled through the vacuum chamber·102 to the other 

. end of the coil 104 .. The coil 104 has an associated inductance '-cm1 and a 

resistance Ras shown by an equivalent resistor 316 and inductor 317. The input 

5 of the impedance-matching network 306 is coupled to the RF generator 300 

through RF input 307. 

One function of the network 306 is to match the impedance of the coil 104 

combined with that of the network 306 to the impedance of the RF generator 300 

to minimize the reflection of RF energy back to the generator to maximize the 

1 O coupling of RF energy from the coil 104 to the plasma in the chamber. 

Accordingly, for a particular coil il'T!pedance '-cm1 of the coil 104, the values of the 

input capacitor 310, match capacitor 312, match inductor 314, and blocking 

capacitor 308, are chosen to provide a close match to the RF generator 

impedance which may be 50 ohms, for example. Jn a manner similar to that of 

15 prior impedance matching circuits, the impedances of the input capacitor C1n and 

match capacitor Cmatdl may be finely tuned both prior to deposition and also during 

deposition to achieve and maintain a more precise match by adjusting the variable 

capacitances of the input capacitor 310 and match capacitor 312. 

The value Cbioc1< of the blocking capacitor 308 is chosen so as to DC isolate 

20 the coil from·ground but to permit a return path to ground forthe RF currents. 

However, in accordance with one aspect of the present invention, the impedance 

values of the blocking capacitor as well as the coil 104 may nonetheless be 

changed in repeating cycles by changing the frequency of the RF generator 300 

during the deposition so as to cyclicly shift the distribution of voltages around the 

25 coil 104 so as to increase the uniformity of sputtering rate and coil heating for 

each portion of the coil 104. This may be understood from the following: 

The effective potential difference V eff between any two points of the 

alternating current (AC) series circuit from point a to point e in Fig. 3 equals the 

product of the effective curre~t lett and impedance Z of the AC circuit between the 

30 respective points. The effective potential difference V ab between points a and b 

across series inductor 314 with an inductance L,,.atdl is given by 
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V •IZ •IZ . .. .. .. 
where the impedance lab across series inductor 314 with an inductance Lmatch is 

given by 

z. • x .. • fll I. -
where the inductive reactance XL of an inductor with inductance L is given by 

XL=wl where Cl) is the angular frequency of the instantaneous potential difference 

5 v given by 

v • V _ 1ln ( 111 I) • . /; V .. sin ( 111 I) • /; V .. sin (2 n If I 

where f is the frequency (in Hertz) of the output signal of the RF generator 300 

and where the instantaneous current i is given by 

I•'- sin (1111-tl = /;1 .. sn (111t-t) • /;111n (wt-ti 

and the phase angle <l>ab between the instantaneous potential difference v ab and 

the instantaneous current i across series inductor 314 with an inductance Lmatch is 

10 given by 

•1 
• tan (••) • 

n . -
2 

so that the instantaneous potential difference Vab across series inductor 314 leads 

the instantaneous current i in the series inductor 314 by 90° and the effective 

potential difference Vab is equal to lwlmatch between points a and b across series 

inductor 314. 

15 The effective potential difference V be between points b and c across series 

resistor 316 with an effective resistance R is given by 
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V • IZ .. .. 
where the.impedance Zic across series resistor 316 with an effective resistance R 

is given by 

z .. • x .. • R 

where the phase angle cpbc between the instantaneous potential difference vbc and 

the instantaneous current i across series resistor 316 with an effective resistance 

5 R is given by 

·l(x .. ) ·I( Q) ·I • ... tan ;:- • tan -;; • Ian (01 • 0 

so that the instantaneous potential difference vbc across series resistor 316 is in 

phase with the instantaneous current i in the series resistor 316 and the effective 

potential difference Vbc is equal to IR between points band c across series 

resistor 316. 

10 The effective potential difference V cd between points c and d across coil 

104 with an inductance lcoia is given by 

V • IZ 
"' d 

where the impedance ~ across coil 104 with an inductance Lcou is given by 

where the phase angle <Ped between the instantaneous potential difference vcd and 

the instantaneous current i across coil 104 with an inductance Leon is given by 

• • Ian • '(::) .. ··(~) •I 
• tan (••I • 

n ·-
2 

15 so that the instantaneous potential difference v cd across coil 104 leads the 
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instantaneous current i in the series inductor by 90 ° and the effective potential 

difference Vm is equal to looLcou between points c and d across coil 104. 

The effective potential difference Vda between points d and e across 

blocking variable capacitor 308 with a variable capacitance Cbiock is given by 

v • rz 
• • 

5 where the impedance Zda across blocking variable capacitor 308 with a variable 

capacitance cblock is given by 

z. 
Ill c -

where the capacitive reactance Xe of a capacitor with capacitance C is given by 

Xc=(wC)"1 and the phase angle <l>da between the instantaneous potential difference 

vda and the instantaneous current i across blocking variable capacitor 308 with a 

10 variable capacitance Cblock is given by 

··("'·) .. (- ·:- ] •• "'11111 R• c Ian "' tan 
•I 

( --) .. n - -
2 

so that the instantaneous potential difference v de across blocking variable 

capacitor 308 lags the instantaneous current i in the blocking variable 

capacitor 308 by 90° and the effective potential difference Vde is equal to 

l(ooCbiac:1<Y1 between points d and e across blocking variable capacitor 308. 

15 For a given capacitance Cblock of the blocking capacitor 308, the frequency 

f, and hence the angular frequency w of the RF generator 300, may be chosen so 

that the effective potential difference Vda=l(ooCb1ac1ct1 between points d and e 

across blocking capacitor 308 is substantially equal to the effective potential 

difference V cd=loolcon between points c and d across coil 104. The instantaneous 

20 potential difference vda across blocking capacitor 308 would then lag the 

instantaneous potential difference vcd across coil 104 by 180° and the 

instantaneous potential difference vda across blocking variable capacitor 308 

consequently would be completely out of phase with the instantaneous potential 
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difference Vr:a across coil 104 .. Ignoring the effect of any bias induced on the coil 

such as a substantially constant DC offset bias or a DC self-bias, the effective 

potential V vanishes {V=O) at point c so that a hypothetical voltmeter (not shown) 

measuring the potential differences between point c and point e would read zero. 

5 Alternatively, the angular frequency oo of the RF generator 300 may be 

chosen so that the effective potential difference Vde=l(00Cbioc1<r1 between points d 

and e across blocking variable capacitor 308 is substantially equal to half the 

effective potential difference Vcd=loo~11=2Vde=21_(ooCb1ac1cY1 between points c and d 

across coil 104. The instantaneous potential-difference vde across blocking 

1 O variable capacitor 308 would again lag the instantaneous potential difference vcd 

across coil 104 by 180° and the in_stantaneous potential difference vde across 

blocking variable capacitor 308 consequently would again be completely out of 

phase with the instantaneous potential difference vcd across coil 104. Again, 

ignoring for the moment any DC offset bias or a DC self-bias, the effective 

15 potential V vanishes {V=O) at a point along the coil 104 substantially halfway 

between point c and point d so that a hypothetical voltmeter (not shown) placed 

between the point (substantially halfway between point c and point d) and point e 

would read zero. 

Similarly, the angular frequency oo of the RF generator 300 may be chosen 

20 so that the effective potential difference Vde=l(00Cbiac:1<)"1 between points d and e 

across blocking variable capacitor 308 is substantially equal to n·1 times the 

effective potential difference Vcd=loolcoi1=nVc1e=nl(ooCb10c1<)"1 between points c and d 

across coil 104, where n is any positive real number. The instantaneous potential 

difference vde across blocking variable capacitor 308 would again lag the 

25 instantaneous potential difference vcd_across coil 104by180° and the 

instantaneous potential difference vde across blocking variable capacitor 308 

consequently would again be completely out of phase with the instantaneous 

potential difference vcd across coil 104. It is believed that the effective potential V 

vanishes {V=O) at a point along the coil 104 substantially (n-1)n·1 of the way 

30 between point c and point d so that a voltmeter (not shown) between the point 

(substantially (n-1)n·1 of the way between point c and point d) and point e would 

read zero. In the limit that n becomes very large, the point where the effective 
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potential Vvanishes (V=O) along the coil 104 approaches arbitrarily close to point 

d. 

Alternatively, the angular frequency oo of the RF generator 300 may be 

chosen so that the effective potential difference V c1e=l{ooC1>iocJ"1 between points d 

5 and e across blocking variable capacitor 308 is substantially equal to (n-1)n-1 

times the effective potential difference Vcc1=looLcou=(n-1Y1nVde={n-1Y1nl(ooCb1oc1cY1 

between points c and d across coil 104, where n is any positive real number. The 

instantaneous potential difference vde across blocking variable capacitor 308 

would again lag the instantaneous potential difference Vcc1 across coil 104 by 180° 

10 and the instantaneous potential difference vde across blocking variable capacitor 

308 consequently would again be.completely out of phase with the instantaneous 

potential difference Vcc1 across coil 104. Ignoring any DC offset bias or a DC self­

bias, the effective potential V vanishes (V=O) at a point along the coil 104 

substantially n-1 of the way between point c and point d so that a voltmeter (not 

15 shown) between the point {substantially n-1 of the way between point c and point 

d) and point e would read zero. In the limit that n becomes very large, the point 

where the effective potential V vanishes (V=O) along the coil 104 approaches 

arbitrarily close to point c. 

The above examples demonstrate that the output frequency f, and hence 

20 the angular frequency oo of the RF generator 300 may be chosen so that the 

effective potential V may be made to vanish (V=O) at any point along the coil 104 

between point c and point d. This ability to vary over time the point along the coil 

104 at which the effective potential V vanishes (V=O) may be used to shift the RF 

voltage distributions along the coil 104, and to shift the ionization of the plasma. 

25 As a consequence, the coil 104 and substrate 112 can be more uniformly and 

axially symmetrically heated, and the material sputtered from the target 11 O can 

be more uniformly ionized and deposited, by time-averaging, on the substrate 

112. 

It is believed that the level of the DC bias on the coil is constant around the 

30 ·circumference of the coil and therefore will be axially symmetric. Thus, although 

the DC bias level is not a function of coil radial position, it is believed that the DC 

bias level for the coil will vary as the RF voltage distribution shifts. More 
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specifically, it is believed that the plasma effectively averages the RF voltage 

distributi~n on the coil and rectifies it to induce a DC self bias onto the coil. Thus, 

as the frequency or other RF generator output is modulated, the particular DC 

bias level for the coil will vary. 

5 Fig. 4 is a graph depicting one example of how the RF voltage distributions 

may shift along the coil as the frequency f of the RF generator 300 is changed 

during deposition. In Fig. 4, the distributions of peak to peak RF voltage V PP on 

the coil 104 are shown as a function of position_ on the one turn coil 104 

represented by coil angle a (Fig. 2) in which coil angle a=0° corresponds to end d 

10 {Fig. 3) ofthe coil and coil angle a=360° corresponds to end b of the coil 104 at 

which the RF feedthroughs are coupled to the coil. The voltage values depicted 

for the coil locations (0° < a <360°) are expected values rather than 

measurements for a single turn coil 104 having an inductance of 700 nanohenries 

and a blocking capacitor 308 having capaciU.nce of 0.01 µf. 

15 In one distribution, when the frequency f of the RF generator 300 has a 

value of f1, the peak to peak RF voltage V PP at end a=O 0 may start at 300 volts 

and is believed to decrease:to O volts atapproximately coil location a = 90 °. The 

RF voltage then increases at succeeding locations around the coil until the other 

end b of the coil (a=360°) is reached where the peak to peak Ri::: voltage has a 

20 value of approximately 600 volts. Because the peak to peak voltage is greatest at 

the coil location corresponding to coil angle a=360°, a hot spot may develop at 

that point. However, if in accordance with the present invention, the frequency f of 

the RF generator 300 is changed to another value while the deposition is 

proceeding, the hot spot may be shifted. 

25 Thus, if the frequency f ofthe RF generator 300 is changed to a value of f2, 

for example, the voltage distribution can shift in this example so that the 

distribution is effectively reversed as shown. More specifically, at this frequency 

the peak to peak RF voltage VPP at end a=0° may start somewhat above 600 volts 

and is believed to continuously decrease at succeeding locations around the coil 

30 until coil location a= 240° is reached where VPP is believed to be equal to O volts. 

The RF voltage then increases until the other end b of the coil {a=360°) is 

reached where the peak to peak RF voltage has a value of approximately 300 
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volts. Accordingly, the hot spot will shift to the other end of the coil at coil angle 

a=0°. By appropriately changing the frequency f of the RF generator 300 as the 

deposition proceeds, the hot spot may be shifted to intermediate positions along 

the coil circumference to more evenly distribute the hot spots and thus more 

5 evenly heat and sputter the coil. 

As the voltage distribution is shifted, the maximum and minimum values 

along the coil can change as well. Thus, as shown in Fig. 4, if the frequency f of 

the RF generator 300 is changed to a value of f3, for example, the voltage 

distribution will shift in this example so that the peak to peak RF voltage V PP at end 

10 a=0° may start at close to O volts and may continuously increase until the other 

end b of the coil (a=360°) is reached where the peak to peak RF voltage has a 

value of approximately 800 volts. Accordingly, the maximum and minimum values 

of the voltage distribution may change as well as the locations of the maximum 

and minimum values as the impedance is changed as the deposition progresses 

15 to more evenly heat and sputter the coil. 

It is anticipated that sweeping the frequency back and forth between .· 

minimum and maximum frequency values which differ by 500 KHz with a•median 

frequency of 2 MHz, for example, and sweeping the frequency approximately ten 

times during a 10 second sputtering deposition, for example, can provide 

20 satisfactory results. Of course, the manner in which the frequency of the RF 

generator is.changed as the deposition progresses will vary depending upon the 

particular application. For example, rather than sweeping the frequency 

continuously through all values between two limits, it may be advantageous in 

some applications to shift the frequency among a number of different target values 

25 by skipping the intermediate frequency values between the target values. In such 

an arrangement, it is believed that the 11hot spot" on the coil would likewise skip 

around the coil to locations corresponding to each target frequency. The 

frequencies may be selected in a sequential manner to shift the voltage 

distribution to various points ~n sequence along the coil 104 in repeating cycles as 

30 the deposition progresses. If the frequency values are selected in order of 

increasing (or decreasing) value, the coil voltage distribution will be rotated as 

each frequency is selected in tum. Alternatively, the frequency values may be 
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selected in various orders or sequences in each cycle including random and 

pseudo-random sequences to shift the voltage distribution around the coil to 

achieve the desired coil heating or coil sputtering pattern on the coil 104. It is 

further anticipated that the frequency of the RF generator may be changed using 

5 a combination of sequences of discrete values and sweeps between values. In 

. some applications it may be desirable to provide a pattern of coil heating and 

sputtering which is not evenly distributed around the coil to compensate for other 

sources of nonuniformity. 

It is anticipated that the generator may be programmed to vary the 

1 O frequency set point in a variety of patterns including repeating square wave, step 

and saw-tooth functions as well a~ sinusoidal functions and random functions. 

Also, the length of time at each frequency (i.e. the duty cycle) need not be uniform 

but may be varied depending upon the needs of the particular applications. 

It is believed that a total change of 500 KHz in the frequency of the 

15 generator (which in the illustrated embodiment is about 25% of the central 

frequency of 2 MHz), is sufficient for many applications to rotate the RF voltage 

distributions along· the entire length (360° of a one turn coil 104, and to rotate 

ionization pattern associated with the RF voltage distribution. The amount of · 

impedance change required to rotate the voltage distribution will depend upon a 

20 number of factors including the number of turns of the sputtering coil 104 and the 

diameter of the coil 104. 

It is contemplated that frequency changes having a lower maximum change 

may be used to achieve beneficial RF voltage and plasma ionization rotations or 

other movements. For example, a frequency change of 50 KHz may provide 

25 beneficial shifts. On the other hand, frequency changes having a maximum 

change substantially greater than 500 KHz may also be beneficial to improve 

uniformity. 

In those applications where a high degree of impedance matching i_s 

desired, the impedance of the input capacitor 310 ort~e match capacitor 312 may 

30 be adjusted so as to maintain a good match as the frequency of the generator 300 

is varied to rotate the voltage distributions around the coil 104. In addition, many 

RF generators have a load power regulation mode in which the power output may-
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be regulated to maintain power output to the coil. If the level of reflected power 

rises beyond an acceptable limit as a consequence of a change to the generator 

frequency to shift the voltage distribution along the coil, the generator's load 

power can be regulated to increase the power output as the level of reflected 

5 power increases to restore the power level being applied to the coil. 

However, in some applications, the changes in frequency of the generator 

300 ·may be of a magnitude for which the matching circuit may experience 

difficulty in quickly matching these changes to maintain good energy throughput to 

the coil 104. Also, the power losses may rise to undesirable levels. Fig. 5 is 

1 O directed to another embodiment having a network 506 which may reduce the need 

for tuning the impedances of matc_hing components or to regulate the power 

output in response to generator frequency changes for the purpose of shifting or 

rotating voltage distributions around the coil. 

As shown in Fig. 5, the match inductor 314 of Fig. 3 has been replaced by 

15 a T-filter 508 comprising a pair of series coupled inductors 514a and 514b. 

Coupled between the two inductors 514a and 514b and ground is another match 

capacitor 516. Such a circuit arrangement is believed to provide the network 506 

with a wider bandwidth {low Q) such that the network 506 and coil 104 ·can 

provide an acceptable match over a wider range of frequencies. Of course, other 

20 designs of the network are possible, depending upon the particular application. 

In yet another alternative embodiment, instead of varying the frequency of 

the RF signal output to the coil 104 by the generator 300, the generator 300 may 

also be programmed to vary the power of the RF signal. It is believed that the 

impedance of the plasma maintained by the coil 104 is a nonlinear function of the 

25 power delivered to the coil 104. Furthermore, it is believed that the impedances 

and hence the resonant frequency of the coil 104 and the blocking capacitor 308 

are in turn affected by the impedance of the plasma. Hence by varying the power 

delivered to the coil 104, it is believed that the plasma impedance will likewise be 

varied, causing the coil/capacitor resonant frequency to change and thereby shift 

30 the voltage distribution along the coil 104. As a consequence, any hot spot will 

also be moved around the coil, thereby reducing the length of time the hot spot is 

located at any one location on the coil. In addition; the hot spot may be moved to 
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locations more evenly distributed around the coil. As a result, the temperature 

along the length of the coil may be more uniform. Furthermore, the overall 

temperature of the coil may be reduced. 

Still further, as in the above described frequency shifting embodiment, it is 

5 believed that varying the power delivered to the coil to shift the voltage 

distributions along the coil may have a similar effect on sputtering patterns. 

Hence, if the voltage distribution present on the coil at a particular power level is 

nonuniform such that varying amounts of materi_al are sputtered from the coil 

depending upon·coil location, this sputtering pattern may likewise by shifted by 

1 o varying the power delivered to the coil to improve sputtering uniformity. 

The power delivered to the 9oil may be continually varied, sinusoidally for 

example, over a predetermined power range. This range may be selected such 

that the average power delivery is at a desired set point such as 1.5 kW, for 

example. In addition, the minimum power set point within the selected range is 

15 preferably high enough such that the plasma does· not extinguish during the power 

variations. In a manner similar to that for frequency variation, it is anticipated that 

the generator may: be programmed to vary the p_ower set point in a variety of 

patterns including, repeating square wave, step functions and saw-tooth functions 

as well as sinusoidal functions. 

20 It is noted that the impedance matching provided by the network 306 or 

other suitable matching network may be affected by variations in the power 

supplied by the generator 300. In those applications where maintenance of the 

power delivered to the coil above a certain level is desired, operation of the 

generator in the load power regulation mode described above may be 

25 appropriate. In this mode, the generator can automatically vary the forward power 

so that the power delivered to the coil tracks the varying set point within the 

desired range of power set points. 

As set forth above, it is believed that a total change of 500 KHz in the 

frequency of the generator, or 1.5 KW in the power output level, is sufficient to 

30 shift the voltage distribution a full 360 ° around the circumference of the coil each 

half cycle of the frequency sweep. Voltage distribution shifts over smaller portions 

of the coil circumference such as 270°, 180°, 90° 45°, 30°, 15° and smaller may 
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also be beneficial. Likewise, voltage distribution shifts on multi-tum coils which 

lap the coil circumference in whole or in part shifting the voltage distribution · 

around more than one turn each cycle or half cycle of the frequency change are 

also believed to be beneficial. Thus, for example, a frequency shift which shifts 

5 from 1 MHz to 5 MHz may cause the voltage distribution to shift around a plurality 

of turns and hence around the circumference of the coil several times. 

Accordingly, the voltage distribution may shift an angular distance which is in 

excess of 360° each half cycle of the f~quency or power shift. 

It is anticipated that parameter changes in the generator output other than 

10 changes in frequency or power may be utilized to shift voltage distributions 

around the coil. For example, it may be beneficial in some applications to vary 

both the frequency and the power of the RF signal to the coil. In still other 

applications it is anticipated that the capacitance and the inductance of 

components of the matching circuit may be varied as set forth in the above 

15 referenced copending application Serial No. , entitled "Use of 

Variable Impedance to Control Coil Sputter Distribution," flied May 16, 1997 

(Attorney Docket# 1737/PVD/DV} and copending application Serial No;:': 

____ __, entitled "Use of Variable Impedance to Control Coil Sputter 

Distribution," filed May 16, 1997 (Attorney Docket# 1800/PVD/DV) and assigned 

20 to the assignee of the present application, incorporated by reference, in 

combination with varying the generator output. Such an arrangement may 

improve impedance matching performance while reducing the ranges of variation 

in both the generator output and inductor or capacitance values of the matching 

circuit. 

25 The coil 104 is carried on the chamber shield 106 by a plurality of coil 

standoffs 120 (Fig. 1) which electrically insulate the coil 104 from the supporting 

chamber shield 106. In addition, the insulating coil standoffs 120 have an internal 

labyrinth structure which permits repeated deposition of conductive materials from 

the target 110 onto the coil standoffs 120 while preventing the formation of a 

30 complete conducting path of deposited material from the coil 104 to the chamber 

shield 106. Such a completed conducting path is undesirable because it could 

short the coil 104 to the chamber shield 106 (which is typically grounded). 
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RF power is applied to the coil 104 by feedthrough bolts which are 

supported by insulating feedthrough standoffs 124. The feedthrough standoffs 

124, like the coil support standoffs 120, permit repeated deposition of conductive 

material from the target onto the feedthrough standoff 124 without the formation of 

5 a conducting path which could short the coil 104 to the chamber shield 106. The 

coil feedthrough standoff 124, like the coil support standoff 120, has an internal 

labyrinth structure to prevent the formation of a short between the coil 104 and the 

wall of the shield 106. The feedthrough is coupled to the RF generator 300 

(shown schematically in Fig. 2) through the impedance-matching network 306 

10 (also shown schematically in Fig. 2). 

As set forth above, the RF power radiated by the coil 104 energizes the 

plasma in the chamber to ionize the target material being sputtered from the target 

110. The ionized sputtered target material is in tum attracted to the substrate 112 

which is at a negative (DC or RF) potential to attract the ionized deposition 

15 material to the substrate 112. 

In yet another embodiment, an_ RF generator 200 (Fig. 6) is coupled to one 

end of the coil 104 through an amplifier and impedance matching network 202 

which is tuned to minimize reflection -of RF energy back to the coil. The frequency 

of the RF energy supplied by the generator 200 may be 2 MHz, for example, but 

20 of course other frequencies are suitable as well, dep~nding upon the_ application. 

A blocking capacitor 206 is coupled to the other end of the coil so that the coil 104 

develops a DC bias. As will be explained in greater detail below, in accordance 

with this aspect of the present invention, a second generator, referred to herein as 

the modulation generator 204, is also coupled to the other end of the coil 104 

25 through a filter 208. The modulation generator 204 modulates the 2 MHz RF 

signal as shown in Fig. 7. In the illustrated embodiment, the modulation 

frequency is 400 kHz, but again, may be other frequencies, depending upon the 

application. The 400 kHz modulation frequency is approximately three orders of 

magnitude (approximately 1000 times) lower than that of the 2 MHz RF signal of 

30 the generator 200. Hence, the respective periods of the two signals are not drawn 

to scale in Fig. 7 for purposes of-clarity. The filter 208 has a bandwidth which 

substantially blocks the frequency of the RF signal of the generator 200. Hence, 

-21-



W099/07913 PCT/US98/1639S 

in the illustrated embodiment, the filter 208 blocks frequencies at 2 MHz. 

The output of the modulation generator 204 is added to the 2 MHz signal 

indicated at 304 in Fig. 7. As a consequence, the peak to peak voltage of the RF 

signal varies periodically over time at a frequency of 400 kHz. It is believed that 

5 modulating the RF energy applied to the coil in this manner provides enhanced 

control on the bias level induced on the coil 104. This coil bias level as 

represented by the line 306 in Fig. 7 results from negatively charged electrons 

and positively charged ions from the plasma bei~g alternately attracted to the coil 

104 as the RF signal applied to the coil alternates between positive and negative 

10 potentials. Because the positive ions (typically Argon ions) are much more 

massive than the electrons, the electrons generally have a higher mobility than 

the positive ions. As a result, a negative bias can be induced on the coil by 

applying an RF signal to the coil. 

The positive ions are attracted to the negative bias on the coil causing· 

15 some of those positive ions to impact the surface of the coil, thereby sputtering 

material from the coil. The more negative the bias level of the coil, the greater 

velocity the positive ions tend to achieve prior to impacting the coil surface. As a 

result, the quantity of material sputtered from each ion impact is often a function of 

the coil bias level. In addition, the transfer of positive ions from the plasma to the 

20 coil is a current which has an associated consumption of power. A source for this 

power consumption is the energy applied to the coil. 

It is believed that by modulating the peak to peak voltage of the RF signal 

applied to the coil, the negative bias level of the coil may be controlled so as to 

cqntrol the velocity of the ions impacting the coil surface. In this manner, the 

25 quantity of material sputtered by the impact of ions may be affected by modulating 

the RF energy applied to the coil. It is further believed that the power consumed 

in modulating the RF energy applied to the coil is related to the coil sputtering 

current, i.e. the rate at which positive ions impact the coil surface. Because the 

modulation frequency is substantially lower than the radio frequency of the 

30 generator 200, the impedance of the matching network 202 (optimized to match 

the impedance of the coil and network 202 to that of the RF generator 200} tends 

to block the modulation signal from passing through the network 202. As a result, 
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it is believed that much of the power contributed by the modulation generator 204 

is expended primarily through the plasma in the form of coil sputtering current. 

Thus, it.is believed that the overall sputtering rate of the coil may be contro.lled as 

a function of the modulation frequency and the power level of the modulation 

5 generator 204. 

Fig. 8 indicates at 400 the deposition profile onto a wafer or other 

workpiece for material sputtered from a typical planar target such as the target 

110. As shown therein {exaggerated for purposes of clarity), the deposition profile 

tends to be somewhat "center thick" such that the deposition rate at the center of 

1 O the wafer is greater than that at the periphery. It is believed that one factor 

causing this center thick profile is the relatively high pressure at which inductively 

coupled plasmas are operated to ionize the deposition material. Because of the 

high pressures, the sputtered material tends to be scattered more frequently such 

that even with ionization, more material tends to deposit toward the center at the 

15 expense of material directed toward the periphery. 

In the illustrated embodiment, the coil 104 is supported by the shield 106 

{Fig. 1) so-thatthe coil 104 encircles the,substrate 112 (Fig. 2) in a position which 

is above and recessed outwardly from the periphery of the substrate 112 as 

schematically represented in Fig. 2. As a result, the coil 104 is closer to the 

20 periphery than the center of the substrate. Consequently material sputtered from 

the coil 104 has a greater likelihood qf depositing near the periphery of the 

substrate as opposed to the center of the substrate, as represented by the 

deposition profile 402. This edge thick profile 402 of the coil sputtered material 

can offset or compensate for a center thick tendency 400 of the target 11 O 

25 sputtered material. Thus, the actual overall deposition profile 404 which is a 

combination of the deposition profiles 400 and 402 can be more uniform than the 

deposition profile 400 alone. As set forth above, the quantity of material which is 

sputtered from the coil 104 may be adjusted by adjusting the modulation power 

applied to the coil. In this manner, the uniformity of deposition may be improved. 

30 Fig. 6 includes a schematic representation of the electrical connections of 

the plasma generating apparatus of this illustrated embodiment. To sputter target 

material onto the substrate 112, the target 11 O is preferably negatively biased by 
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a variable DC power source 500 to attract the ions of the ion flux 108. The power 

source 500, and the other power sources discussed below, are preferably 

controlled by a microprocessor based workstation which is programmed to 

implement the processes ·described herein. 

5 The pedestal 114 may be negatively biased by a variable RF power source 

502 coupled by a match network 504 to the pedestal 114 to bias the substrate 112 

negatively to attract the ionized deposition material to the substrate 112. In an 

alternative embodiment, the pedestal 114 may be biased by a high frequency AC 

power source. In yet another alternative embodiment an external biasing of the 

10 substrate 112 may be omitted. 

As set forth above, one end of the coil 104 is coupled to an RF source such 

as the output of the amplifier and matching network 202, the input of which is 

coupled to the RF generator 200. The other end of the coil is coupled to a 

blocking capacitor 206 which induces a DC bias onto the coil 104. The 

15 modulation generator 204 is a high frequency signal generator which is coupled to 

the other end of the coil 104 through the filter 208. It is re!=ognized that the 

modulation generator 204 may be coupled to the coil 104 at points otherthan the 

end such as the middle of the coil, for example. 

The coil 104 is carried on the chamber shield 106 by a plurality of coil 

20 standoffs 120 (Fig. 1) which electrically insulate the coil 104 from the supporting 

chamber shield 106. In additio·n, the insulating coil standoffs 120 have an internal 

labyrinth structure which permits repeated deposition of conductive materials from 

the target 110 onto the coil standoffs 120 while preventing the formation of a 

complete conducting path of deposited material from the coil 104 to the chamber 

25 shield 106. Such a completed conducting path is undesirable because it could 

shortthe coil 104 to the chamber shield 106 (which is typically grounded). 

RF power is applied to the coil 104 by feedthrough bolts which are 

supported by insulating feedthrough standoffs 124 (Fig. 1). The modulation 

generator is likewise coupled to its coil by a feedthrough standoff 124. The 

30 feedthrough standoffs 124, like the coil support standoffs 120, permit repeated 

deposition of conductive material from the target onto the feedthrough standoff 

124 without the formation of a conducting path which could short the coil 104 to 
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the chamber shield 106. The coil feedthrough standoff 124, like the coil support 

standoff 120, has an internal labyrinth structure to prevent the formation of a short 

between the coil 104 and the wall 126 of the shield. 

The target 11 O generally has the shape of a cylindrical disk as seen in 

5 Figs. 1 and 2. However, other design shapes for the target 11.0 are, of course, 

possible, and may lead to different deposition profiles for the material deposited 

from the target onto the substrate. For example, a secondary annular target (of 

titanium;· aluminum or other suitable materials) may be positioned around the 

periphery of the substrate, to ·supplement the material being sputtered .from a 

10 primary planar target onto the substrate, with the primary planar target positioned 

above the substrate. Each target which is negatively biased should be electrically 

insulated from the vacuum chamber which is typically grounded. 

In the illustrated embodiment, the target 11 O is carried by a source adapter 

152 and an insulator ring 172 which insulates the target 11 O from the adapter 152. 

15 A dark space shield 130 is also supported by the adapter 152. 

The coil 104 of the embodiment illustrated is made of approximately 50 mm 

(2 inch) by .. approximately 1.6 mm (.1/1.6inch) heavy-duty bead-blasted solid high­

purity (preferably 99.995% pure) titanium or copper ribbon formed into a single 

tum helical coil having a diameter of about 290 mm (11.5 inches). However, other 

20 highly conductive materials and shapes may be utilized depending upon the 

material being sputtered and other factors. For example, the ribbon may be as 

thick as 3 mm (1/8 inch). Also, if the material to be sputtered is aluminum, both 

the target and the coil should be made of high-purity aluminum. In addition to the 

ribbon shape illustrated, flat rings are suitable. Also, hollow tubing may be 

25 utilized, particularly if water cooling is desired. 

In the illustrated embodiments discussed above, a single tum coil 104 was 

used, but, of course, multiple turn coils may be used instead. Still further, instead 

of the ribbon shape coil 104 illustrated, each tum of the coil 104 may be 

implemented with water cooled tubular helix or spiral shaped coils. Also, a flat, 

30 open-ended annular ring may be used as described in copending application 

Serial No. 08/680,335, entitled "Coils for Generating a Plasma and for Sputtering/' 

filed July 10, 1996 (Attorney Docket No. 1390-CJP/PVO/DV) and assigned to the 
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assignee of the present application, which application is incorporated herein by 

reference in its entirety. 

Each of the embodiments discussed above utilized a single coil in the 

plasma chamber. It should be recognized that the present invention is applicable 

5 to plasma chambers having more than one RF powered coil or RF powered 

shields. For example, the present invention may be applied to multiple coil 

chambers for launching helicon waves of the type described in aforementioned 

copending ·application serial No. 08/559,345, filed November 15, 1995 and 

entitled 11Method And Apparatus For Launching a Helicon Wave in a Plasma" 

1 O (Attom~y Docket No. 938). 

The appropriate RF generators and matching circuits have components 

well known to those skilled in the art. For example, an RF generator such as the 

ENI Genesis series which has the capability to 11frequency hunt" for the best 

frequency match with the matching circuit and antenna is suitable. The frequency 

15 range of the generator for generating the RF power to the coil 104 preferably 

includes a median frequency of 2 MHz but it is anticipated that the range can vary. 

For example, a range of frequencies within an overall range of 1 MHz tcf20 MHz 

is believed suitable. A median RF power setting of 2.25 kW is preferred.but a 

range of 1.5-5 kW is satisfactory. In addition, a DC power setting for biasing the 

20 target 110 of 8-12 kW is preferred but a wider range such as 2-24 kW may also 

be satisfactory. A pedestal 114 bias voltage of -30 volts DC is also suitable. 

Values for the above parameters will vary, depending upon the particular 

application. 

The modulation generator 204 may be a AE POX 500, for example. A 

25 modulation frequency of 400 kHz is preferred but may be other frequencies 

including those that range from 100 kHz to 700 kHz, for example. Although the 

envelope 302 is shown in Fig. 3 of the illustrated embodiment as sinusoidal, it is 

anticipated that the RF signal may be modulated by a variety of functions 

including functions such as saw-tooth, square-wave and irregular functions. 

30 Moreover, the modulation frequency need not be constant but it is anticipated it 

may vary during the deposition, depending upon the needs of the application. For 

example, varying the modulation frequency may permit a corresponding variation 
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in coil biasing and hence in sputtering rate from the coil in those applications in 

which varying the coil sputtering rate during deposition may be useful. 

In the illustrated embodiments above, the chamber shield 106 has a 

diameter of 400 mm (16"), but it is anticipated that satisfactory results can be 

5 obtained with a diameter in the range of 150-635 mm (6"-25"). The chamber 

shield 106 may be fabricated from a variety of materials including insulative 

materials such as ceramics or quartz. ·However, the chamber shield 106 and all 

metal surfaces likely to be coated with the targe~ material are preferably made of a 

material such as stainless steel or copper, unless made of the same material as 

1 O the sputtered target material. The material of the structure which will be coated 

should have a coefficient of thermal expansion which closely matches that of the 

material being sputtered to reduce flaking.of sputtered material from the chamber 

shield 106 or other structure onto the substrate 112. In addition, the material to 

be coated should have good adhesion to the sputtered material. Thus for 

15 example if the deposited material is titanium, the preferred metal of the chamber 

shield 106, standoffs 120 and 124 and other structures likely to be coated is bead­

blasted titanium.· Any surfaces which are:more likely to sputter, such as the end 

caps of the coil and feedthrough standoffs 120 and 124, would preferably be 

made of the same type of material as the target 110, such as hig_h-purity, bead-

20 blasted titanium, for example. Of course, if the material to be deposited is a 

material other than titanium, the preferred metal is the deposited material, 

stainless steel, for example. Adherence can also be improved by coating the 

structures with molybdenum prior to sputtering the target 110. However, it is 

preferred that the coil 104 (or any other surface likely to sputter) not be coated 

25 with molybdenum or other materials since the molybdenum can contaminate the 

substrate 112 if sputtered from the coil 104. 

The substrate 112 to target 11 O spacing is in a range of about 120-150 

mm, preferably about 140 mm (about 5.5''}, but can also range from about 38 to 

200 mm (1.5" to 8"). For this wafer to target spacing, suitable stepped wafer 

30 bottom coverage may be achieved with a coil diameter of 290 mm (11.5 inches) 

spaced from the target by a distance of approximately 42.8 mm (1.7 inches). It 

has been found that increasing the diameter of the coil which moves the coil away 
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from the workpiece edge may have an adverse effect on bottom coverage. On the 

other hand, decreasing the coil diameter to move the coil closer to the wafer edge 

can adversely affect layer uniformity. 

Deposition uniformity also appears to be a function of coil spacing from the 

5 target. As previously mentioned, a spacing of 42.8 mm (1.7 inches) between the 

coil and target may be found satisfactory for a target to·wafer spacing of 140 mm. 

Moving the coil vertically either toward or away from the target (or wafer) can 

adversely affect deposition layer uniformity. 

A variety of sputtering· gases may be utilized to generate the plasma 

10 including Ar, and a variety of reactive gases such as NF 3, CF 4, H2, 0 2 and many 

others may be used. Various sputtering gas pressures are suitable including 

pressures of 0.1 - 100 mTorr. For ionized PVD, a pressure between 1 O and 50 

mTorr often provides better ionization of sputtered material. 

It will, of course, be understood that modifications of the present invention, 

15 in its various aspects, will be apparent to those skilled in the art, some being 

apparent only after study, others being matters of routine mechanical and 

electronic design. Other embodiments are also possible, their specific designs 

depending upon the particular application. As such, the scope of the invention 

should not be limited by the particular embodiments herein described but should 

be defined only by the appended claims and equivalents thereof. 
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WHAT IS CLAIMED IS: 
1.1111111111111 11111 1111111 1111 · 

* · · C , L M S · * 

1 1. A semiconductor fabrication system for processing a substrate, the 

2 system comprising: 

3 a semiconductor fabrication chamber having a plasma generation area 

4 within said chamber; 

5 a coil carried by said chamber and positioned to couple energy into said 

6 plasma generation area to maintain a plasma in said plasma generation area; and 

7 an RF generator coupled· to said coil, said generator generating an RF 

8 signal having a variable parameter which shifts between a plurality of values to 

9 time-average voltage distributions along said coil while said substrate is 

10 processed. 

1 2. The system of claim 1 wherein said parameter is frequency. 

1 3. The system of claim 2 wherein said frequency shifts at least 50 KHz 

2 during said process. 

1 4. The system of claim 2 wherein said frequency shifts at least 500 

2 KHz during said process. 

1 5. The system of claim 1 wherein said parameter is power. 

1 6. The system of claim 2 wherein said power shifts at least .1 kW. 

1 7. The system of claim 2 wherein said power shifts at least 1.5 kW. 

1 8. The system of claim 1 wherein said parameter values are defined by 

2 a periodic function. 

1 9. The system of claim 8 wherein said periodic function is a sinusoid. -
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1 10. The system of claim 8 wherein said periodic function is a square _ _ 

2 wave. 11111111111111 11111 1111111 1111 
* C L M S * 

1 11. The system of claim 8 wherein said periodic function includes a 

2 plurality of cycles while said substrate is processed. 

1 12. The system of claim 11 wherein said periodic function includes at 

2 least 1 O cycles. 

1 13. The system of claim 1 wherein said processing includes sputter 

2 depositing onto said substrate an~ said coil is formed of deposition material for 

3 sputter deposition onto said substrate. 

1 14. The system of claim 1 wherein said processing includes etching said 

2 substrate. 

.·.::., 

1 15. A semiconductor fabrication system for sputtering material_ onto a 

2 substrate, the system comprising: 

3 a semiconductor fabrication chamber having a plasma generation area 

4 within said chamber; 

5 said chamber having a target of said material for sputtering; 

6 a coil of said material, carried by said chamber and positioned to couple 

7 energy into said plasma generation area to ionize said sputtered target material to 

8 form a layer of said sputtered target material on said substrate; 

9 an impedance-matching circuit coupled to said coil; and 

10 an RF generator coupled to said impedance matching circuit, said 

11 generator generating an RF signal having a variable frequency which shifts 

12 between a plurality of frequencies for time-averaging voltage distributions along 

13 said coil. 

1 16. A semiconductor fabrication system for sputtering material onto a -

2 substrate, the system comprising: 
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a semiconductor fabrication chamber having a plasma generation area 

within said chamber; .: · 

said chamber having a target of said material for sputtering; 

a coil of said material, carried by said chamber and positioned to couple 

energy into said plasma generation area to ionize said sputtered target material to 

form a layer of said sputtered target material on said substrate; 

an impedance-matching circuit coupled to said coil; and 

an RF generator coupled to said impedance matching circuit, said 

generator generating an RF signal having a variable power output level which 

shifts between a plurality of power output levels for time-averaging voltage 

distributions along said coit 

17. 
11111111111111 llllMllll 11 1111 
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A semiconductor fabrication system, comprising: 

a semiconductor fabrication chamber having a plasma generation 

area within said chamber; 

a coil carried by said chamber and positioned to couple energy into 

said plasma generation area to maintain a plasma in said plasma generation area, 

said coil having a plurality of voltages distributed along said coil; and 

means coupled to said coil for generating an RF signal to said coil, said RF 

signal having continuously shifting frequency which continually shifts said 

distribution of voltages along said coil. 

18. The system of claim 17 wherein said shifting means cyclicly shifts 

2 said voltage distribution along said coil. 

1 19. A semiconductor fabrication system, comprising: 

2 a semiconductor fabrication chamber having a plasma generation area 

3 within said chamber; 

4 a coil carried by said chamber and positioned to couple energy into said 

5 plasma generation area to maintain a plasma in said plasma generation area, said 

6 coil having a plurality of voltages distributed· along said coil; and 

7 means coupled to said coil for generating an RF signal to said coil, said RF 
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8 signal having a continuously shifting power output level whic~ continually shifts 

9 said distribution of voltages along said coil. 

1 

2 

20. The system of claim 19 wherein said shifting means cyclicly shifts 

said voltage distribution along said coil. 

111111111111111111111111111111 
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1 21. A semiconductor fabrication system, comprising: 

2 a semiconductor fabrication chamber having a plasma generation area 

3 within said chamber; · 

4 a coil carried by said chamber and positioned to couple energy into said 

5 plasma generation area to maintain a plasma in said plasma generation area, said 

6 coil having a plurality of voltages distributed along said coil; 

7 a generator for providing an RF signal to said coil; and 

8 means for changing a parameter of said RF signal so as to shift voltage 

9 distributions along said coil by an angular distance of at least 15 °. 

1 22. The system of claim 21 wherein said parameter is frequency~ · 

1 23. The system of claim 21 wherein said parameter is power. 

1 24. A semiconductor fabrication process for sputtering material onto a 

2 substrate, the process comprising: 

3 energizing a coil of said material, which is carried by a semiconductor 

4 fabrication chamber, using an RF generator, said chamber having a plasma 

5 generation area within said chamber, and a target of said material for sputtering, 

6 said coil positioned to couple energy into said plasma generation area to ionize 

7 said sputtered target material to form ·a· layer of said sputtered target material on 

8 said substrate; and 

9 time-averaging voltage distributions along said coil by shifting a parameter 

1 O of the output of said RF generator. 

1 25. The system of claim 24 wherein said parameter is frequency. 
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26. The system of claim 24 wherein said parameter is power. 

1 27. A semiconductor fabrication .process comprising: 

· 2 energizing a coil carried by_ a semiconductor fabrication chamber at RF 

3 frequencies, said chamber having a plasma generation area within said chamber, 

4 said coil positioned to couple energy into said plasma generation area to maintain 

5 a plasma in said plasma generation area; and 

6 · changing the frequency of said energizing in a predetermined sequence so 

7 as to shift voltage distributions along said coil in a predetermined sequence of 

8 locations along said coil. 

111111111111111111111111111111 .. 
1 28. A semiconductor fabrication process comprising: 

* C L M . S * 

2 energizing a coil carried by a semiconductor fabrication chamber at RF 

3 frequencies, said chamber a plasma generation area within said chamber, said 

4 coil positioned to couple energy into said plasma generation area to maintain a 

5 plasma in said plasma generation area; and 

6 changing the power level of said energizing in a predetermined sequence 

7 so as to shift voltage distributions along said coil in a predetermined sequence of 

8 locations along said coil. 

1 29. A semiconductor fabrication process, comprising: 

2 energizing a coil at RF frequencies, said coil being carried by a 

3 semiconductor fabrication chamber having a plasma generation area within said 

4 chamber, said coil positioned to couple energy into said plasma generation area 

5 to maintain a plasma in said plasma generation area, said coil having a plurality of 

6 voltages distributed along said coil; and; 

7 cyclicly and continuously shifting said RF frequency to cyclicly and 

8 continuously shift said distribution of voltages along said coil. 

1 30. A semiconductor fabrication process, comprising: 

2 energizing a coil at RF frequencies, said coil being carried by a 

3 semiconductor fabrication chamber having a plasma generation area within said 
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chamber, said coil positioned to couple energy into said plasma generation area 

to maintain a plasma in said plasma generation area, said coil having a plurality of 

voltages distributed along said coil; and 

cyclicly and continuously shifting the power level of said energizing to 

cyclicly and continuously shift said distribution of voltages along said coil. 

31. A semiconductor fabrication system for sputtering material onto a 

workpiece, the system comprising: 

a chamber having a plasma generation area within said chamber; 

a target carried by said chamber and comprising a target mat~~~~-1 ~<:> be 

11111111111111111111111111 1111 
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sputtered from said target; 

a platform for holding a workpiece; 

a coil carried by said chamber, adapted to receive a first RF signal and 

positioned to couple RF energy into said plasma generation area to generate a 

plasma in said plasma generation area to ionize said sputtered target material; 

and 

a modulation generator for providing a signal to said coil to modulate said 

RF signal to said coil at a second, lower frequency. 

32. The system of claim 31 further comprising an RF generator coupled 

2 to said coil for providing said first RF signal to said coil wherein said modulation 

3 generator modulates the peak to peak voltage of said RF signal on said coil. 

1 33. The system of claim 32 further comprising a matching network which 

2 includes a variable impedance, coupling said RF generator to said coil. 

1 34. The system of claim 33 wherein said matching network has an 

2 impedance which substantially blocks said modulation generator signal at said 

3 second, lower frequency. 

1 35. The system of claim 31 further comprising a blocking capacitor 

2 coupled to said coil and a blocking filter coupled between said coil and said 
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3 modulation generator. 111111111111111111111111111111' 
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1 36. The system of claim 31 wherein said coil has first and second ends 

· 2 and said system further comprises an· RF .gene11:1tor coupled to said first end of 

3 said coil for providing said first RF signal to said coil, and a blocking filter coupling 

4 said second end of said coil to said modulation generator. 

1 37. A semiconductor ~brication syste~ for sputtering material onto a 

2 workpiece, the system comprising:· 

3 a chamber having a plasma generation area within said chamber; 

4 a target carried by said chamber, said target having a center and 

5 comprising a target material to be sputtered from said target onto a workpiece; 

6 a platform for holding a workpiece; 

7 a coil positioned to couple energy into said plasma generation area; and 

8 means coupled to said coil for providing energy at a first RF frequency to 

9 generate a plasma in said plasma generation area to ionize said sputtered target 

10 material, and for modulating said energy ata second:frequency to bias said coil to 

11 induce sputtering of said coil. 

1 38. A process for sputter depositing a layer of material onto a workpiece, 

2 comprising: 

3 sputtering a target of a material to form a stream of sputtered target 

4 material directed toward a workpiece; 

5 supplying an RF energy signal to a coil at a· first frequency to maintain a 

6 plasma to ionize a portion of said stream of sputtered target material; and 

7 modulating said RF energy signal at a second frequency to bias said coil to 

8 induce sputtering of material from said coil to form a second stream of sputtered 

9 material for deposition on said workpiece. 

1 39. The process of claim 38 wherein said second frequency is below 

2 radio frequency. 
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40. The process of claim 38 wherein said second frequency is within the 

range of 100-700 kHz. 

41. The process of claim 40 wherein said second frequency is 

approximately 400 kHz. 
I lllllll IJllfl 1111111111111111 
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42. The process of claim 40 wherein said first frequency is 

approximately 2 MHz. 

43. The process of claim 38 wherein said RF signal is supplied by an RF 

2 generator coupled to said coil throL,Jgh a matching network. 

1 44. The process of claim 38 wherein said modulating is performed by a 

2 modulation generator coupled to said coil and comprises modulating the peak to 

3 peak voltage of said RF signal on said coil. 
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45. A process for sputter depositing a layer of material onto a workpiece, 

comprising: 

sputtering a planar target of a material to form a stream o~ sputtered target 

material directed toward a workpiece; 

applying an RF energy signal at a first RF frequency from an RF generator 

to a coil to maintain a plasma to ionize a portion of said stream of sputtered target 

material; and 

applying a modulating signal to said coil at a second, sub-RF frequency 

from a modulation generator coupled to said coil to modulate said RF energy 

signal applied to said coil to bias said coil to induce sputtering of material from 

said coil to form a second stream of sputtered coil material for deposition on said 

workpiece. 
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