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(57) ABSTRACT 
A method and apparatus for forming a layer on a substrate 
in a process chamber during a plasma deposition process are 
provided. A plasma is formed in a process chamber, a 
process gas With precursor gases suitable for depositing the 
layer are ?owed into the process chamber, and a magnetic 
?eld having a strength less than about 0.5 gauss is attenuated 
Within the process chamber. Attenuation of such a magnetic 
?eld results in an improvement in the degree of process 
uniformity achieved during the deposition. 
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HIGH-PERMEABILITY MAGNETIC SHIELD FOR 
IMPROVED PROCESS UNIFORMITY IN 
NONMAGNETIZED PLASMA PROCESS 

CHAMBERS 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to the manufacture of 
integrated circuits on a substrate. More particularly, the 
invention relates to a method and apparatus for improving 
the process uniformity of plasma processing techniques used 
in such manufacture. 

[0002] One of the primary steps in the fabrication of 
modern semiconductor devices is the formation of a thin 
?lm on a semiconductor substrate by chemical reaction of 
gases. Such a deposition process is referred to generally as 
chemical vapor deposition (“CVD”). Conventional thermal 
CVD processes supply reactive gases to the substrate surface 
Where heat-induced chemical reactions take place to produce 
a desired ?lm. Plasma-enhanced CVD (“PECVD”) tech 
niques, on the other hand, promote excitation and/or disso 
ciation of the reactant gases by the application of radio 
frequency (“RF”) energy to a reaction Zone near the 
substrate surface, thereby creating a plasma. The high reac 
tivity of the species in the plasma reduces the energy 
required for a chemical reaction to take place, and thus 
loWers the temperature required for such CVD processes as 
compared to conventional thermal CVD processes. These 
advantages are further exploited by high-density-plasma 
(“HDP”) CVD techniques, in Which a dense plasma is 
formed at loW vacuum pressures so that the plasma species 
are even more reactive. 

[0003] Any of these CVD techniques may be used to 
deposit conductive or insulative ?lms as necessary during 
the fabrication of integrated circuits. It is generally desirable 
that the process for depositing such a ?lm be uniform in all 
respects. Recently, there has been an economically moti 
vated trend to increase the siZe of circular semiconductor 
Wafers used in such CVD applications. Currently, Wafers 
With diameters up to 300 mm are being used, up from about 
200 mm in the recent past. While the increase in Wafer 
diameter is economically advantageous, it also tends to 
increase the degree of nonuniformity introduced during 
deposition procedures. The effects of such nonuniformity are 
especially noticeable When larger Wafers are used because 
the total Wafer area varies as the square of its diameter. In 
particular, it has been observed that the sputter nonunifor 
mity in an HDP-CVD process is signi?cantly greater When 
the process is performed on a 300-mm Wafer When com 
pared With the process performed on a 200-mm Wafer. 
Indications suggest that if economic considerations push 
toWards the use of even larger Wafers, the effects of sputter 
nonuniformity Will be even greater. 

[0004] Accordingly, it is desirable to have a method and 
apparatus that Will generally improve process uniformity, 
particularly When larger-siZed Wafers are to be used. 

SUMMARY OF THE INVENTION 

[0005] The inventors have discovered that sputter nonuni 
formity in plasma deposition processes is affected by mag 
netic ?elds on the order of the geomagnetic ?eld of 0.5 gauss 
or less. This ?eld can be caused by permanent magnets in the 
vicinity of a deposition chamber or by the earth itself. One 
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factor in the sputter nonuniformity is believed to result from 
impacts from electrons in the plasma. As Wafer siZes 
increase so that they diameters exceed the order of the mean 
cyclotron radius of such electrons, the effect from this factor 
is enhanced. Since the electron cyclotron radius is inversely 
proportional to the strength of the ambient magnetic ?eld, 
attenuation of a magnetic ?eld having a strength less than 
about 0.5 gauss Within the process chamber results in an 
increase in the cyclotron radius of the electrons, With a 
concomitant decrease in the degree of sputter nonuniformity. 
Accordingly, in a ?rst embodiment of the invention, a 
method is provided for forming a layer on a substrate during 
a plasma deposition process by forming a plasma in a 
process chamber, ?oWing suitable deposition precursor 
gases into the process chamber, and limiting sputter non 
uniformity by attenuating a magnetic ?eld having a strength 
less than about 0.5 gauss Within the process chamber. 

[0006] In speci?c embodiments of the invention, the 
attenuation of such a magnetic ?eld is achieved With a 
magnetic shield positioned to enclose at least a portion of the 
process chamber. In some of these embodiments, the per 
meability of the magnetic shield is greater than 104 times the 
permeability of free space. In one speci?c embodiment, an 
appropriate material for the magnetic shield that achieves 
the desired permeability comprises greater than 75 at. % 
nickel and greater than 12 at. % iron; it preferably also 
comprises greater than 4 at. % molybdenum. 

[0007] The methods of the present invention may be used 
With a substrate processing system. Such a substrate pro 
cessing system includes a nonmagnetiZed substrate process 
ing chamber and a plasma-generating system operatively 
coupled to the processing chamber to generate a plasma 
Within the substrate processing chamber. A magnetic shield 
is con?gured to enclose at least a portion of the process 
chamber for limiting sputter nonuniformity by attenuating a 
magnetic ?eld having a strength less than about 0.5 gauss 
Within the process chamber. 

[0008] A further understanding of the nature and advan 
tages of the present invention may be realiZed by reference 
to the remaining portions of the speci?cation and the draW 
ings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIG. 1A is a simpli?ed diagram of one embodi 
ment of a high-density plasma chemical vapor deposition 
system according to the present invention. 

[0010] FIG. 1B is a simpli?ed cross section of a gas ring 
that may be used in conjunction With the exemplary CVD 
processing chamber of FIG. 1A. 

[0011] FIG. 1C is a simpli?ed diagram of a monitor and 
light pen that may be used in conjunction With the exemplary 
CVD processing chamber of FIG. 1A. 

[0012] FIG. 1D is a How chart of an exemplary process 
control computer program product used to control the exem 
plary CVD processing chamber of FIG. 1A; 

[0013] FIG. 2 shoWs a cross-sectional vieW of one 
embodiment of the invention in Which the magnetic ?ux 
leakage of a high-permeability magnetic shield is mini 
miZed. 
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DESCRIPTION OF THE SPECIFIC 
EMBODIMENTS 

I. INTRODUCTION 

[0014] Embodiments of the present invention are directed 
to a method and apparatus for improving the process uni 
formity during plasma CVD deposition processes. By 
enclosing the plasma chamber With a shield constructed 
from a high-magnetic-permeability material, a substantial 
improvement in process uniformity, particularly in sputter 
uniformity, is achieved. As explained in detail beloW, attenu 
ation of magnetic ?elds on the order of 0.5 gauss or less 
Within the process chamber reduces the sputter nonunifor 
mity, leading to a general improvement in deposition char 
acteristics. 

II. EXEMPLARY SUBSTRATE PROCESSING 
SYSTEM 

[0015] FIG. 1A illustrates one embodiment of a high 
density plasma chemical vapor deposition (HDP-CVD) sys 
tem 10 in Which a dielectric layer according to the present 
invention can be deposited. System 10 includes a chamber 
13, a vacuum system 70, a source plasma system 80A, a bias 
plasma system 80B, a gas delivery system 33, and a remote 
plasma cleaning system 50. 

[0016] The upper portion of chamber 13 includes a dome 
14, Which is made of a ceramic dielectric material, such as 
aluminum oXide or aluminum nitride. Dome 14 de?nes an 
upper boundary of a plasma processing region 16. Plasma 
processing region 16 is bounded on the bottom by the upper 
surface of a substrate 17 and a substrate support member 18. 

[0017] A heater plate 23 and a cold plate 24 surmount, and 
are thermally coupled to, dome 14. Heater plate 23 and cold 
plate 24 alloW control of the dome temperature to Within 
about 110° C. over a range of about 100° C. to 200° C. This 
alloWs optimiZing the dome temperature for the various 
processes. For eXample, it may be desirable to maintain the 
dome at a higher temperature for cleaning or etching pro 
cesses than for deposition processes. Accurate control of the 
dome temperature also reduces the ?ake or particle counts in 
the chamber and improves adhesion betWeen the deposited 
layer and the substrate. 

[0018] The loWer portion of chamber 13 includes a body 
member 22, Which joins the chamber to the vacuum system. 
A base portion 21 of substrate support member 18 is 
mounted on, and forms a continuous inner surface With, 
body member 22. Substrates are transferred into and out of 
chamber 13 by a robot blade (not shoWn) through an 
insertion/removal opening (not shoWn) in the side of cham 
ber 13. Lift pins (not shoWn) are raised and then loWered 
under the control of a motor (also not shoWn) to move the 
substrate from the robot blade at an upper loading position 
57 to a loWer processing position 56 in Which the substrate 
is placed on a substrate receiving portion 19 of substrate 
support member 18. Substrate receiving portion 19 includes 
an electrostatic chuck 20 that secures the substrate to sub 
strate support member 18 during substrate processing. In a 
preferred embodiment, substrate support member 18 is made 
from an aluminum oXide or aluminum ceramic material. 

[0019] Vacuum system 70 includes throttle body 25, 
Which houses tWin-blade throttle valve 26 and is attached to 
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gate valve 27 and turbo-molecular pump 28. It should be 
noted that throttle body 25 offers minimum obstruction to 
gas ?oW, and alloWs symmetric pumping. Gate valve 27 can 
isolate pump 28 from throttle body 25, and can also control 
chamber pressure by restricting the exhaust ?oW capacity 
When throttle valve 26 is fully open. The arrangement of the 
throttle valve, gate valve, and turbo-molecular pump alloW 
accurate and stable control of chamber pressures from 
betWeen about 1 millitorr to about 2 torr. 

[0020] The source plasma system 80A includes a top coil 
29 and side coil 30, mounted on dome 14. A symmetrical 
ground shield (not shoWn) reduces electrical coupling 
betWeen the coils. Top coil 29 is poWered by top source RF 
(SRF) generator 31A, Whereas side coil 30 is poWered by 
side SRF generator 31B, alloWing independent poWer levels 
and frequencies of operation for each coil. This dual coil 
system a loWs control of the radial ion density in chamber 
13, thereby improving plasma uniformity. Side coil 30 and 
top coil 29 are typically inductively driven, Which does not 
require a complimentary electrode. In a speci?c embodi 
ment, the top source RF generator 31A provides up to 2,500 
Watts of RF poWer at nominally 2 MHZ and the side source 
RF generator 31B provides up to 5,000 Watts of RF poWer 
at nominally 2 MHZ. The operating frequencies of the top 
and side RF generators may be offset from the nominal 
operating frequency (eg to 1.7-1.9 MHZ and 1.9-2.1 MHZ, 
respectively) to improve plasma-generation ef?ciency. 

[0021] A bias plasma system 80B includes a bias RF 
(“BRF”) generator 31C and a bias matching netWork 32C. 
The bias plasma system 80B capacitively couples substrate 
portion 17 to body member 22, Which act as complimentary 
electrodes. The bias plasma system 80B serves to enhance 
the transport of plasma species (e.g., ions) created by the 
source plasma system 80A to the surface of the substrate. In 
a speci?c embodiment, bias RF generator provides up to 
5,000 Watts of RF poWer at 13.56 MHZ. 

[0022] RF generators 31A and 31B include digitally con 
trolled synthesiZers and operate over a frequency range 
betWeen about 1.8 to about 2.1 MHZ. Each generator 
includes an RF control circuit (not shoWn) that measures 
re?ected poWer from the chamber and coil back to the 
generator and adjusts the frequency of operation to obtain 
the loWest re?ected poWer, as understood by a person of 
ordinary skill in the art. RF generators are typically designed 
to operate into a load With a characteristic impedance of 50 
ohms. RF poWer may be re?ected from loads that have a 
different characteristic impedance than the generator. This 
can reduce poWer transferred to the load. Additionally, 
poWer re?ected from the load back to the generator may 
overload and damage the generator. Because the impedance 
of a plasma may range from less than 5 ohms to over 900 
ohms, depending on the plasma ion density, among other 
factors, and because re?ected poWer may be a function of 
frequency, adjusting the generator frequency according to 
the re?ected poWer increases the poWer transferred from the 
RF generator to the plasma and protects the generator. 
Another Way to reduce re?ected poWer and improve ef? 
ciency is With a matching netWork. 

[0023] Matching netWorks 32A and 32B match the output 
impedance of generators 31A and 31B With their respective 
coils 29 and 30. The RF control circuit may tune both 
matching netWorks by changing the value of capacitors 
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Within the matching networks to match the generator to the 
load as the load changes. The RF control circuit may tune a 
matching netWork When the poWer re?ected from the load 
back to the generator exceeds a certain limit. One Way to 
provide a constant match, and effectively disable the RF 
control circuit from tuning the matching network, is to set 
the re?ected poWer limit above any expected value of 
re?ected poWer. This may help stabiliZe a plasma under 
some conditions by holding the matching netWork constant 
at its most recent condition. 

[0024] Other measures may also help stabiliZe a plasma. 
For example, the RF control circuit can be used to determine 
the poWer delivered to the load (plasma) and may increase 
or decrease the generator output poWer to keep the delivered 
poWer substantially constant during deposition of a layer. 

[0025] A gas delivery system 33 provides gases from 
several sources, 34A-34F chamber for processing the sub 
strate via gas delivery lines 38 (only some of Which are 
shoWn). As Would be understood by a person of skill in the 
art, the actual sources used for sources 34A-34F and the 
actual connection of delivery lines 38 to chamber 13 varies 
depending on the deposition and cleaning processes 
executed Within chamber 13. Gases are introduced into 
chamber 13 through a gas ring 37 and/or a top noZZle 45. 
FIG. 1B is a simpli?ed, partial cross-sectional vieW of 
chamber 13 shoWing additional details of gas ring 37. 

[0026] In one embodiment, ?rst and second gas sources, 
34A and 34B, and ?rst and second gas ?oW controllers, 35A‘ 
and 35B‘, provide gas to ring plenum 36 in gas ring 37 via 
gas delivery lines 38 (only some of Which are shoWn). Gas 
ring 37 has a plurality of source gas noZZles 39 (only one of 
Which is shoWn for purposes of illustration) that provide a 
uniform ?oW of gas over the substrate. NoZZle length and 
noZZle angle may be changed to alloW tailoring of the 
uniformity pro?le and gas utiliZation efficiency for a par 
ticular process Within an individual chamber. In a preferred 
embodiment, gas ring 37 has 12 source gas noZZles made 
from an aluminum oxide ceramic. 

[0027] Gas ring 37 also has a plurality of oxidiZer gas 
noZZles 40 (only one of Which is shoWn), Which in a 
preferred embodiment are co-planar With and shorter than 
source gas noZZles 39, and in one embodiment receive gas 
from body plenum 41. In some embodiments it is desirable 
not to mix source gases and oxidiZer gases before injecting 
the gases into chamber 13. In other embodiments, oxidiZer 
gas and source gas may be mixed prior to injecting the gases 
into chamber 13 by providing apertures (not shoWn) 
betWeen body plenum 41 and gas ring plenum 36. In one 
embodiment, third and fourth gas sources, 34C and 34D, and 
third and fourth gas ?oW controllers, 35C and 35D‘, provide 
gas to body plenum via gas delivery lines 38. Additional 
valves, such as 43B (other valves not shoWn), may shut off 
gas from the ?oW controllers to the chamber. 

[0028] In embodiments Where ?ammable, toxic, or corro 
sive gases are used, it may be desirable to eliminate gas 
remaining in the gas delivery lines after a deposition. This 
may be accomplished using a 3-Way valve, such as valve 
43B, to isolate chamber 13 from delivery line 38A and to 
vent delivery line 38A to vacuum foreline 44, for example. 
As shoWn in FIG. 1A, other similar valves, such as 43A and 
43C, may be incorporated on other gas delivery lines. Such 
3-Way valves may be placed as close to chamber 13 as 
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practical, to minimiZe the volume of the unvented gas 
delivery line (betWeen the 3-Way valve and the chamber). 
Additionally, tWo-Way (on-off) valves (not shoWn) may be 
placed betWeen a mass ?oW controller (“MFC”) and the 
chamber or betWeen a gas source and an MFC. 

[0029] Referring again to FIG. 1A, chamber 13 also has 
top noZZle 45 and top vent 46. Top noZZle 45 and top vent 
46 alloW independent control of top and side ?oWs of the 
gases, Which improves ?lm uniformity and alloWs ?ne 
adjustment of the ?lm’s deposition and doping parameters. 
Top vent 46 is an annular opening around top noZZle 45. In 
one embodiment, ?rst gas source 34A supplies source gas 
noZZles 39 and top noZZle 45. Source noZZle MFC 35A‘ 
controls the amount of gas delivered to source gas noZZles 
39 and top noZZle MFC 35A controls the amount of gas 
delivered to top gas noZZle 45. Similarly, tWo MFCs 35B and 
35B‘ may be used to control the ?oW of oxygen to both top 
vent 46 and oxidiZer gas noZZles 40 from a single source of 
oxygen, such as source 34B. The gases supplied to top 
noZZle 45 and top vent 46 may be kept separate prior to 
?oWing the gases into chamber 13, or the gases may be 
mixed in top plenum 48 before they ?oW into chamber 13. 
Separate sources of the same gas may be used to supply 
various portions of the chamber. 

[0030] A remote microWave-generated plasma cleaning 
system 50 is provided to periodically clean deposition 
residues from chamber components. The cleaning system 
includes a remote microWave generator 51 that creates a 
plasma from a cleaning gas source 34E (e.g., molecular 
?uorine, nitrogen tri?uoride, other ?uorocarbons or equiva 
lents) in reactor cavity 53. The reactive species resulting 
from this plasma are conveyed to chamber 13 through 
cleaning gas feed port 54 via applicator tube 55. The 
materials used to contain the cleaning plasma (e.g., cavity 53 
and applicator tube 55) must be resistant to attack by the 
plasma. The distance betWeen reactor cavity 53 and feed 
port 54 should be kept as short as practical, since the 
concentration of desirable plasma species may decline With 
distance from reactor cavity 53. Generating the cleaning 
plasma in a remote cavity alloWs the use of an ef?cient 
microWave generator and does not subject chamber compo 
nents to the temperature, radiation, or bombardment of the 
gloW discharge that may be present in a plasma formed in 
situ. Consequently, relatively sensitive components, such as 
electrostatic chuck 20, do not need to be covered With a 
dummy Wafer or otherWise protected, as may be required 
With an in situ plasma cleaning process. In one embodiment, 
this cleaning system is used to dissociate atoms of the 
etchant gas remotely, Which are then supplied to the process 
chamber 13. In another embodiment, the etchant gas is 
provided directly to the process chamber 13. In still a further 
embodiment, multiple process chambers are used, With 
deposition and etching steps being performed in separate 
chambers. 

[0031] System controller 60 controls the operation of 
system 10. In a preferred embodiment, controller 60 
includes a memory 62, such as a hard disk drive, a ?oppy 
disk drive (not shoWn), and a card rack (not shoWn) coupled 
to a processor 61. The card rack may contain a single-board 
computer (SBC) (not shoWn), analog and digital input/ 
output boards (not shoWn), interface boards (not shoWn), 
and stepper motor controller boards (not shoWn). The system 
controller conforms to the Versa Modular European 
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(“VME”) standard, Which de?nes board, card cage, and 
connector dimensions and types. The VME standard also 
de?nes the bus structure as having a 16-bit data bus and 
24-bit address bus. System controller 31 operates under the 
control of a computer program stored on the hard disk drive 
or through other computer programs, such as programs 
stored on a removable disk. The computer program dictates, 
for example, the timing, mixture of gases, RF poWer levels 
and other parameters of a particular process. The interface 
betWeen a user and the system controller is via a monitor, 
such as a cathode ray tube (“CR ”) 65, and a light pen 66, 
as depicted in FIG. 1C. 

[0032] FIG. 1C is an illustration of a portion of an 
exemplary system user interface used in conjunction With 
the exemplary CVD processing chamber of FIG. 1A. Sys 
tem controller 60 includes a processor 61 coupled to a 
computer-readable memory 62. Preferably, memory 62 may 
be a hard disk drive, but memory 62 may be other kinds of 
memory, such as ROM, PROM, and others. 

[0033] System controller 60 operates under the control of 
a computer program 63 stored in a computer-readable for 
mat Within memory 62. The computer program dictates the 
timing, temperatures, gas ?oWs, RF poWer levels and other 
parameters of a particular process. The interface betWeen a 
user and the system controller is via a CRT monitor 65 and 
a light pen 66, as depicted in FIG. 1C. In a preferred 
embodiment, tWo monitors, 65 and 65A, and tWo light pens, 
66 and 66A, are used, one mounted in the clean room Wall 
(65) for the operators and the other behind the Wall (65A) for 
the service technicians. Both monitors simultaneously dis 
play the same information, but only one light pen (eg 66) 
is enabled. To select a particular screen or function, the 
operator touches an area of the display screen and pushes a 
button (not shoWn) on the pen. The touched area con?rms 
being selected by the light pen by changing its color or 
displaying a neW menu, for example. 

[0034] The computer program code can be Written in any 
conventional computer-readable programming language 
such as 68000 assembly language, C, C++, or Pascal. 
Suitable program code is entered into a single ?le, or 
multiple ?les, using a conventional text editor and is stored 
or embodied in a computer-usable medium, such as a 
memory system of the computer. If the entered code text is 
in a high level language, the code is compiled, and the 
resultant compiler code is then linked With an object code of 
precompiled WindoWs library routines. To execute the linked 
compiled object code, the system user invokes the object 
code causing the computer system to load the code in 
memory. The CPU reads the code from memory and 
executes the code to perform the tasks identi?ed in the 
program. 

[0035] FIG. 1D shoWs an illustrative block diagram of the 
hierarchical control structure of computer program 100. A 
user enters a process set number and process chamber 
number into a process selector subroutine 110 in response to 
menus or screens displayed on the CRT monitor by using the 
light pen interface. The process sets are predetermined sets 
of process parameters necessary to carry out speci?ed pro 
cesses, and are identi?ed by prede?ned set numbers. Process 
selector subroutine 110 identi?es the desired process 
chamber in a multichamber system, and (ii) the desired set 
of process parameters needed to operate the process cham 
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ber for performing the desired process. The process param 
eters for performing a speci?c process relate to conditions 
such as process gas composition and How rates, temperature, 
pressure, plasma conditions such as RF poWer levels, and 
chamber dome temperature, and are provided to the user in 
the form of a recipe. The parameters speci?ed by the recipe 
are entered utiliZing the light pen/CRT monitor interface. 

[0036] The signals for monitoring the process are provided 
by the analog and digital input boards of system controller 
60, and the signals for controlling the process are output on 
the analog and digital output boards of system controller 60. 

[0037] A process sequencer subroutine 120 comprises 
program code for accepting the identi?ed process chamber 
and set of process parameters from the process selector 
subroutine 110 and for controlling operation of the various 
process chambers. Multiple users can enter process set 
numbers and process chamber numbers, or a single user can 
enter multiple process set numbers and process chamber 
numbers; sequencer subroutine 120 schedules the selected 
processes in the desired sequence. Preferably, sequencer 
subroutine 120 includes a program code to perform the steps 
of monitoring the operation of the process chambers to 
determine if the chambers are being used, (ii) determining 
What processes are being carried out in the chambers being 
used, and (iii) executing the desired process based on 
availability of a process chamber and type of process to be 
carried out. Conventional methods of monitoring the process 
chambers can be used, such as polling. When scheduling 
Which process is to be executed, sequencer subroutine 120 
can be designed to take into consideration the “age” of each 
particular user-entered request, or the present condition of 
the process chamber being used in comparison With the 
desired process conditions for a selected process, or any 
other relevant factor a system programmer desires to include 
for determining scheduling priorities. 

[0038] After sequencer subroutine 120 determines Which 
process chamber and process set combination is going to be 
executed next, sequencer subroutine 120 initiates execution 
of the process set by passing the particular process set 
parameters to a chamber manager subroutine 130A-C, 
Which controls multiple processing tasks in chamber 13 and 
possibly other chambers (not shoWn) according to the pro 
cess set sent by sequencer subroutine 120. 

[0039] Examples of chamber component subroutines are 
substrate positioning subroutine 140, process gas control 
subroutine 150, pressure control subroutine 160, and plasma 
control subroutine 170. Those having ordinary skill in the art 
Will recogniZe that other chamber control subroutines can be 
included depending on What processes are selected to be 
performed in chamber 13. In operation, chamber manager 
subroutine 130A selectively schedules or calls the process 
component subroutines in accordance With the particular 
process set being executed. Chamber manager subroutine 
130A schedules process component subroutines in the same 
manner that sequencer subroutine 120 schedules the process 
chamber and process set to execute. Typically, chamber 
manager subroutine 130A includes steps of monitoring the 
various chamber components. determining Which compo 
nents need to be operated based on the process parameters 
for the process set to be executed, and causing execution of 
a chamber component subroutine responsive to the moni 
toring and determining steps. 
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[0040] Operation of particular chamber component sub 
routines Will noW be described With reference to FIGS. 1A 
and 1D. Substrate positioning subroutine 140 comprises 
program code for controlling chamber components that are 
used to load a substrate onto substrate support number 18. 
Substrate positioning subroutine 140 may also control trans 
fer of a substrate into chamber 13 from, e.g., a plasma 
enhanced CVD (“PECVD”) reactor or other reactor in the 
multi-chamber system, after other processing has been com 
pleted. 

[0041] Process gas control subroutine 150 has program 
code for controlling process gas composition and How rates. 
Subroutine 150 controls the open/close position of the safety 
shut-off valves and also ramps up/ramps doWn the mass ?oW 
controllers to obtain the desired gas ?oW rates. All chamber 
component subroutines, including process gas control sub 
routine 150, are invoked by chamber manager subroutine 
130A. Subroutine 150 receives process parameters from 
chamber manager subroutine 130A related to the desired gas 
?oW rates. 

[0042] Typically, process gas control subroutine 150 
opens the gas supply lines, and repeatedly reads the 
necessary mass ?oW controllers, (ii) compares the readings 
to the desired ?oW rates received from chamber manager 
subroutine 130A, and (iii) adjusts the How rates of the gas 
supply lines as necessary. Furthermore, process gas control 
subroutine 150 may include steps for monitoring the gas 
?oW rates for unsafe rates and for activating the safety 
shut-off valves When an unsafe condition is detected. 

[0043] In some processes, an inert gas, such as argon, is 
?oWed into chamber 13 to stabiliZe the pressure in the 
chamber before reactive process gases are introduced. For 
these processes, the process gas control subroutine 150 is 
programmed to include steps for ?oWing the inert gas into 
chamber 13 for an amount of time necessary to stabiliZe the 
pressure in the chamber. The steps described above may then 
be carried out. 

[0044] Additionally, When a process gas is to be vaporiZed 
from a liquid precursor, for example, tetraethylorthosilane 
(TEOS), the process gas control subroutine 150 may include 
steps for bubbling a delivery gas such as helium through the 
liquid precursor in a bubbler assembly or for introducing the 
helium to a liquid injection valve. For this type of process, 
the process gas control subroutine 150 regulates the How of 
the delivery gas, the pressure in the bubbler, and the bubbler 
temperature to obtain the desired process gas ?oW rates. As 
discussed above, the desired process gas ?oW rates are 
transferred to process gas control subroutine 150 as process 
parameters. 

[0045] Furthermore, the process gas control subroutine 
150 includes steps for obtaining the necessary delivery gas 
?oW rate, bubbler pressure, and bubbler temperature for the 
desired process gas ?oW rate by accessing a stored table 
containing the necessary values for a given process gas ?oW 
rate. Once the necessary values are obtained, the delivery 
gas ?oW rate, bubbler pressure and bubbler temperature are 
monitored, compared to the necessary values and adjusted 
accordingly. 

[0046] The process gas control subroutine 150 may also 
control the How of heat-transfer gas, such as helium (He), 
through the inner and outer passages in the Wafer chuck With 
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an independent helium control (IHC) subroutine (not 
shoWn). The gas ?oW thermally couples the substrate to the 
chuck. In a typical process, the Wafer is heated by the plasma 
and the chemical reactions that form the layer, and the He 
cools the substrate through the chuck, Which may be Water 
cooled. This keeps the substrate beloW a temperature that 
may damage preexisting features on the substrate. 

[0047] Pressure control subroutine 160 includes program 
code for controlling the pressure in chamber 13 by regulat 
ing the siZe of the opening of throttle valve 26 in the exhaust 
portion of the chamber. There are at least tWo basic methods 
of controlling the chamber With the throttle valve. The ?rst 
method relies on characteriZing the chamber pressure as it 
relates to, among other things, the total process gas ?oW, the 
siZe of the process chamber, and the pumping capacity. The 
?rst method sets throttle valve 26 to a ?xed position. Setting 
throttle valve 26 to a ?xed position may eventually result in 
a steady-state pressure. 

[0048] Alternatively, the chamber pressure may be mea 
sured, With a manometer for example, and the position of 
throttle valve 26 may be adjusted according to pressure 
control subroutine 360, assuming the control point is Within 
the boundaries set by gas ?oWs and exhaust capacity. The 
former method may result in quicker chamber pressure 
changes, as the measurements, comparisons, and calcula 
tions associated With the latter method are not invoked. The 
former method may be desirable Where precise control of the 
chamber pressure is not required, Whereas the latter method 
may be desirable Where an accurate, repeatable, and stable 
pressure is desired, such as during the deposition of a layer. 

[0049] When pressure control subroutine 160 is invoked, 
the desired, or target, pressure level is received as a param 
eter from chamber manager subroutine 130A. Pressure con 
trol subroutine 160 measures the pressure in chamber 13 by 
reading one or more conventional pressure manometers 

connected to the chamber; compares the measured value(s) 
to the target pressure; obtains proportional, integral, and 
differential (PID) values from a stored pressure table corre 
sponding to the target pressure, and adjusts throttle valve 26 
according to the PID values obtained from the pressure 
table. Alternatively, pressure control subroutine 160 may 
open or close throttle valve 26 to a particular opening siZe 
to regulate the pressure in chamber 13 to a desired pressure 
or pressure range. 

[0050] Plasma control subroutine 170 comprises program 
code for controlling the frequency and poWer output setting 
of RF generators 31A and 31B and for tuning matching 
netWorks 32A and 32B. Plasma control subroutine 370, like 
the previously described chamber component subroutines, is 
invoked by chamber manager subroutine 330A. 

[0051] An example of a system that may incorporate some 
or all of the subsystems and routines described above Would 
be the ULTIMATM system, manufactured by APPLIED 
MATERIALS, INC., of Santa Clara, Calif., con?gured to 
practice the present invention. Further details of such a 
system are disclosed in the copending, commonly assigned 
US. patent application No. 08/679,927, ?led Jul. 15, 1996, 
entitled “Symmetric Tunable Inductively-Coupled HDP 
CVD Reactor,” having Fred C. Redeker, Farhad Moghadam, 
Hirogi HanaWa, Tetsuya IshikaWa, Dan Maydan, Shijian Li, 
Brian Lue, Robert Steger, Yaxin Wang, Manus Wong and 
Ashok Sinha listed as co-inventors, the disclosure of Which 
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is incorporated herein by reference. The described system is 
for exemplary purpose only. It Would be a matter of routine 
skill for a person of skill in the art to select an appropriate 
conventional substrate processing system and computer con 
trol system to implement the present invention. 

III. MAGNETIC SHIELDING 

[0052] In response to recent trends toWards the use of 
larger semiconductor Wafers, the inventors Were tasked With 
developing deposition processes for chambers to accommo 
date 300-mm Wafers. During this development for plasma 
based processes, the inventors Were faced With unexpectedly 
large ?lm uniformity problems. Such problems Were 
encountered independent of the material being deposited and 
Were observed, for example, When depositing undoped sili 
cate glass (USG) or ?uorinate silicate glass (FSG). 

[0053] Over a period of time, various approaches that had 
been successful in improving the process uniformity for 
ZOO-mm Wafers Were attempted, including adjusting the 
deposition parameters and bias characteristics of the pro 
cess. While various of these approaches had some effect, 
they generally affected the process uniformity only to the 
degree expected from previous experience With ZOO-mm 
Wafers and Were unable to correct the anomalous nonuni 
formity seen With 300-mm Wafers. After excluding these 
various approaches, the inventors hypothesiZed that the 
presence of a spurious magnetic ?eld might be adversely 
affecting the process characteristics. They therefore sought 
to con?rm this hypothesis by removing magnetic sources 
from the vicinity of the process 300-mm process chamber, 
such magnetic sources generally having a ?eld strength 
greater than about 0.5 gauss, Which is of the order of the 
geomagnetic ?eld. Even after carefully excluding magnetic 
sources potentially having producing ?elds greater than 
about 0.5 gauss, hoWever, the anomalous nonuniformity 
nevertheless persisted. 

[0054] After further effort, the inventors therefore theo 
riZed that the anomaly might arise from a magnetic source 
having a ?eld strength less than about 0.5 gauss. For the 
reasons expressed beloW on the basis of processing smaller 
Wafers, such ?eld strengths Were believed to be suf?ciently 
small not to have a signi?cant effect on process character 
istics. It Was further hypothesiZed that the anomaly might 
result from an ambient magnetic ?eld that could not be 
excluded by removing speci?c ?eld sources from the area of 
the 300-mm process chamber. In order to test these theories, 
magnetic shielding Was use to isolate the process chamber 
13 even from an ambient magnetic ?eld and produced a 
substantial improvement, suf?cient to account for the 
anomalous nonuniformity. The use of magnetic shielding on 
plasma deposition chambers had previously been restricted 
to reducing the effect of purely local magnetic ?elds pro 
duced by knoWn permanent magnets having ?eld strengths 
greater than about 0.5 gauss in the vicinity of the process 
chamber 13. The inventors’ discovery is that, even in the 
absence of locally induced magnetic ?elds With such 
strengths, process uniformity is improved by con?guring a 
high-magnetic-permeability shield around a nonmagnetic 
process chamber. This suggests that the spurious nonunifor 
mity is manifested With 300-mm Wafers for smaller ?elds 
than Was the case for smaller-diameter Wafers. These ?eld 
strengths may be caused by permanent magnets in the 
vicinity of the chamber or by the earth itself. 

Sep. 12, 2002 

[0055] There are several subsequently developed experi 
mental and theoretical considerations that support this 
hypothesis. During a plasma deposition process, sputter 
nonuniformity during the deposition of a layer on a substrate 
arises from impacts by electrons in the plasma. The cyclo 
tron radius for an electron moving in a magnetic ?eld With 
strength B is given by rCyc=mv/eB, Where m and e are the 
electron mass and charge, and v is the electron’s velocity. 
Under normal deposition conditions for the plasma chamber 
13 described above, the plasma species includes a mixture of 
electrons and ionic particles, each of Which has an energy 
distribution. Electrons With a mean expected kinetic energy 
on the order of 5 eV thus have a cyclotron radius on the order 
of 100 mm When the ?eld strength is on the order of 0.5 
gauss. 

[0056] It is thus evident that While the effect on process 
uniformity of ?elds having a strength on the order of 0.5 
gauss or less should be small for Wafers With a diameter less 
than this cyclotron radius (i.e. for dWafeI5100 mm), the 
effect is increased for Wafers With larger diameters. It is 
believed this is Why the process exhibited signi?cant non 
uniformity for 300-mm Wafers, but Was not previously 
recogniZed for the smaller 100-mm and ZOO-mm Wafers. The 
ionic particles in the plasma have a much larger mass than 
the electrons, and their cyclotron radius is therefore expected 
to be thousands of times larger. As a result, they have little 
effect on the sputter uniformity. While the above description 
of the sputter nonuniformity mechanism has focussed on 
high-density plasma deposition, for Which “high density” is 
understood to refer to a plasma With an ion density exceed 
ing 1011 ions/cm3, the result that the sputter nonuniformity 
mechanism is dominated by electron activity is generally 
applicable to any plasma deposition process. 

[0057] This mechanism has been con?rmed qualitatively 
With experiments in Which a small magnetiZation Was delib 
erately introduced to the plasma. The introduction of a 
magnetiZation that corresponds to What Would result from 
?eld strengths on the order of 0.5 gauss Was observed to 
produce noticeable effects on sputtering uniformity When 
depositing layers on 300-mm Wafers in an HDP-CVD pro 
cess chamber. With careful observation, the effect could also 
be seen When depositing layers on ZOO-mm Wafers, but Was 
signi?cantly smaller. It is thus apparent that the in?uence of 
magnetic ?elds less than about 0.5 gauss should be 
addressed in order to maintain desired process uniformity 
characteristics as Wafer siZes are increased above 200 mm. 
In terms of the sputter mechanism described above, attenu 
ation of such small ?elds results in an increase in the 
cyclotron radius of the plasma electrons. When the mean 
electron cyclotron radius approximately exceeds the Wafer 
diameter, the sputter nonuniformity decreases. 

[0058] In one embodiment of the invention, attenuation of 
?elds less than 0.5 gauss Within the process chamber 13 is 
achieved by shielding the nonmagnetic process chamber 13 
With high-magnetic-permeability p sheet metal. The mag 
netic permeability of a metal is understood to refer to the 
ratio of magnetic ?ux induced in the metal to the strength of 
the magnetic ?eld that induces that ?ux. Accordingly, a 
shield’s high permeability ensures that magnetic ?ux Will be 
concentrated in the shield rather than Within the nonmag 
netic process chamber 13, thereby achieving the desired 
attenuation. The shielding enclosure is preferably con 
structed to surround as much of the process chamber 13 as 
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possible, but outside of any RF and/or ground shields that 
may be used as part of the substrate processing system 10, 
so as not to affect the RF ?elds Within the chamber. As 
discussed beloW, the most effective shielding is one that 
encloses as much of the process chamber 13 as possible, but 
partial shields have also been observed to have a favorable 
effect on the process uniformity. 

[0059] When a high-p material is placed in a magnetic 
?eld, the local magnetic ?ux is diverted to the material, 
causing the desired reduction in ?eld strength. Because the 
extent to Which ?ux is diverted is proportional to the 
permeability of the material, continually greater improve 
ment in shielding results With an increase in the permeability 
of the shielding material. Materials that have suitably high 
permeabilities to shield the process chamber 13 from the 
magnetic ?elds on the order of 0.5 gauss or less include 
Mumetal®, Hipernom®, HyMu-80®, and Permalloy®, 
although any material With an appropriately high permeabil 
ity may be used. Each of these four commercially available 
materials is a soft alloy that has a permeability relative to the 
permeability of free space on the order of 104-106; they 
comprise approximately 80 at. % Ni and 15 at. % Fe, and are 
balanced primarily With transition elements such as copper, 
molybdenum, or chromium, depending on the speci?c recipe 
used. For example, Mumetal® consists of 77 at. % Ni, 14 at. 
% Fe, 5 at. % Cu, and 4 at. % Mo. It has a magnetic 
permeability betWeen approximately 6.0><104 and 2.4><105, 
depending on the frequency of the magnetic ?eld in Which 
it is placed. The Carpenter Hymu-80® alloy consists of 80 
at. % Ni, 15 at. % Fe, 4.2 at. % M0, 0.5 at. % Mn, 0.35 at. 
% Si, and 0.02 at. % C. Permalloy® consists of 78 at. % Ni, 
16.6 at. % Fe, 4.8 at. % Mo, and 0.9 at. % Mn. 

[0060] As Will be appreciated by those of skill in the art, 
such shielding materials are substantially different from 
ground or RF shields that may also be used Within the 
substrate processing system 10. RF shielding is used to 
block high-frequency (2100 kHz) interference ?elds. Such 
shields are typically constructed of copper, aluminum, gal 
vaniZed steel, or conductive rubber, plastic, or paints. The 
high electrical conductivity of such materials, With small 
(~1) permeabilities, makes them suitable for blocking elec 
tromagnetic signals at high frequency. Accordingly, by posi 
tioning the high-permeability shield outside of RF and/or 
ground shields, the operation of the substrate processing 
system 10 is not impeded in any Way as a result of ?eld 
attenuation from external or ambient ?elds having a 
strength50.5 gauss. 

[0061] Experimental observations of 300-mm Wafers 
deposited With layers While high-permeability magnetic 
shielding is in place con?rm directly that the sputter non 
uniformity is decreased. Careful observations of deposited 
200-mm Wafers also reveal a bene?cial effect from the 
shielding, although, as expected, the effect is less signi?cant 
than for the larger Wafers. In constructing the high-perme 
ability shield, it is preferable to use a shielding con?guration 
that affords a complete path for the ?eld lines; otherWise 
there is the possibility that the ?eld lines Will exit the 
material in a place Where they Will cause unintended and 
undesirable interference With the operation of the substrate 
processing system 10. The shape and con?guration of the 
substrate processing system 10 may impose limitations on 
the extent to Which the process chamber 13 can be enclosed 
by the magnetic shield, but in order to attenuate the ?elds 
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less than about 0.5 gauss as much as possible, it is preferable 
to enclose as much of the process chamber 13 as practicable. 
Less attenuation of such ?elds permits more plasma elec 
trons at the loW end of their energy distribution to have a 
suf?ciently small cyclotron radius to affect sputter unifor 
mity. Even if the con?guration of the substrate processing 
system 10 prevents complete enclosure of the process cham 
ber 13, hoWever, partial shielding is still observed to have a 
favorable effect on process uniformity because it limits the 
portion of the plasma electron energy distribution that can 
have an effect. 

[0062] An effective shield that limits the escape of ?ux can 
be formed by joining plates of the high-permeability mate 
rial tightly, minimiZing gaps betWeen the plates. One useful 
con?guration is illustrated in FIG. 2. A small angled piece 
210 of high-permeability material is positioned to ensure 
that joined plates 220 and 230 have some overlap. Such 
positioning helps ensure that the magnetic ?eld lines Will not 
leak to the space enclosed by the shield. The possibility of 
such undesirable leakage is further decreased by Welding the 
plates 220 and 230 to the angled piece 210. 

[0063] Those of ordinary skill in the art Will realiZe that 
the material used to shield the process chamber may have 
different compositions and may be con?gured differently 
Without departing from the spirit of the invention. Other 
variations Will also be apparent to persons of skill in the art. 
These equivalents and alternatives are intended to be 
included Within the scope of the present invention. There 
fore, the scope of this invention should not be limited to the 
embodiments described, but should instead be de?ned by the 
folloWing claims. 

What is claimed is: 
1. A method for forming a layer on a substrate in a 

nonmagnetiZed process chamber during a plasma deposition 
process, the method comprising: 

(a) forming a plasma in the process chamber; 

(b) ?oWing a process gas suitable for depositing the layer 
on the substrate into the process chamber; and 

(c) limiting sputter nonuniformity by attenuating a mag 
netic ?eld having a strength less than about 0.5 gauss 
Within the process chamber. 

2. The method according to claim 1 Wherein the plasma is 
a high-density plasma. 

3. The method according to claim 1 Wherein the substrate 
is a circular Wafer With a diameter greater than 200 mm. 

4. The method according to claim 3 Wherein the diameter 
of the circular Wafer is substantially equal to 300 mm. 

5. The method according to claim 1 Wherein the step of 
limiting sputter nonuniformity by attenuating the magnetic 
?eld is performed With a magnetic shield that at least 
partially encloses the process chamber. 

6. The method according to claim 5 Wherein the magnetic 
shield has a magnetic permeability greater than 104 times the 
magnetic permeability of free space. 

7. The method according to claim 5 Wherein the magnetic 
shield comprises greater than 75 at. % Ni and greater than 
12 at. % Fe. 

8. The method according to claim 7 Wherein the magnetic 
shield further comprises greater than 4 at. % Mo. 

9. The method according to claim 5 Wherein the magnetic 
shield encloses substantially all of the process chamber. 
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10. The method according to claim 1 wherein the mag 
netic ?eld is the geomagnetic ?eld. 

11. A method for forming a layer on a circular Wafer 
having a diameter greater than 200 mm in a nonmagnetiZed 
process chamber during a high-density-plasma deposition 
process, the method comprising: 

(a) forming a plasma in the process chamber; 

(b) ?oWing a process gas suitable for depositing the layer 
on the substrate into the process chamber; and 

(c) limiting sputter nonuniformity by attenuating a mag 
netic ?eld having a strength less than about 0.5 gauss 
Within the process chamber With a magnetic shield 
having a magnetic permeability greater than 104 times 
the magnetic permeability of free space. 

12. The method according to claim 11 Wherein the mag 
netic shield comprises greater than 75 at. % Ni, greater than 
12 at. % Fe, and greater than 4 at % Mo. 

13. The method according to claim 11 Wherein the diam 
eter of the circular Wafer is approximately 300 mm or 
greater. 

14. The method according to claim 10 Wherein the mag 
netic ?eld is the geomagnetic ?eld. 

15. A substrate processing system comprising: 

(a) a nonmagnetiZed substrate processing chamber; 

(b) a plasma-generating system operatively coupled to the 
processing chamber to generate a plasma Within the 
substrate processing chamber; and 

(c) a magnetic shield con?gured to enclose at least a 
portion of the process chamber for limiting sputter 
nonuniformity by attenuating a magnetic ?eld having a 
?eld strength less than about 0.5 gauss Within the 
process chamber. 

16. The substrate processing system according to claim 15 
Wherein the substrate processing chamber is siZed con?g 
ured to hold a circular Wafer With a diameter greater than 
200 mm. 

17. The substrate processing system according to claim 16 
Wherein the substrate processing chamber is siZed and 
con?gured to hold a circular Wafer With a diameter substan 
tially equal to 300 mm. 
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18. The substrate processing system according to claim 15 
Wherein the plasma is a high-density plasma. 

19. The substrate processing system according to claim 15 
Wherein the magnetic shield has a magnetic permeability 
greater than 104 times the magnetic permeability of free 
space. 

20. The substrate processing system according to claim 15 
Wherein the magnetic shield comprises greater than 75 at. % 
Ni and greater than 12 at. % Fe. 

21. The substrate processing system according to claim 20 
Wherein the magnetic shield further comprises greater than 
4 at. % Mo. 

22. The substrate processing system according to claim 15 
Wherein the magnetic shield encloses substantially all of the 
process chamber. 

23. A substrate processing system comprising: 

(a) a nonmagnetiZed substrate processing chamber siZed 
and con?gured to hold a circular Wafer having a 
diameter greater than 200 mm; 

(b) a high-density plasma generating system operatively 
coupled to the processing chamber to generate a plasma 
Within the substrate processing chamber; and 

(c) a magnetic shield having a magnetic permeability 
greater than 104 times the magnetic permeability of free 
space and con?gured to enclose at least a portion of the 
process chamber for limiting sputter nonuniformity by 
attenuating a magnetic ?eld having a ?eld strength less 
than about 0.5 gauss Within the process chamber. 

24. The substrate processing system according to claim 23 
Wherein the magnetic shield comprises greater than 75 at. % 
Ni, greater than 12 at. % Fe, and greater than 4 at. % Mo. 

25. The substrate processing system according to claim 23 
Wherein the diameter of the circular Wafer is approximately 
300 mm or greater. 


