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(57) Abstract: Apparatus and methods to compensating for radial non-uniformities in the plasma sheath (42) at a substrate (12)
v={ held by an electrostatic chuck (30) in a plasma processing system (10). The substrate (12) is held by a substrate-supporting surface
(36) of the electrostatic chuck (30). The substrate-supporting surface (36) is modified by providing a pattern of features (52, 60, 70,
& 82, 88, 100, 110, 124) characteristic of a compensating structure that corrects the radial non-uniformities in the plasma sheath (42)
and then covering the features (52, 60, 70, 82, 88, 100, 110, 124) conformally with a planarization coating (34, 58, 72, 84, 90, 102,
114, 126) of a dielectric material. Thedielectric material fills and covers the pattern of features (52, 60, 70, 82, 88, 100, 110, 124)
to provide multiple parallel capacitances defining the compensating structure. The pattern of features (52, 60, 70, 82, 88, 100, 110,
124) characterizing the compensating structure may be determined from a radial non-uniformity in a plasma-related parameter at the

substrate-supporting surface (36).
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APPARATUS AND METHODS FOR COMPENSATING PLASMA SHEATH
NON-UNIFORMITIES AT THE SUBSTRATE IN A PLASMA PROCESSING
SYSTEM

Field of the Invention

[0001] This invention relates to plasma processing systems and, in particular, to
electrostatic chucks for plasma processing systems that improve the plasma sheath

uniformity at the substrate-supporting surface of the chuck.

Background of the Invention

[0002] Electrostatic chucks are used for securing substrates, such as semiconductor
wafers, in vacuum chambers of plasma processing systems. Generally, an electrostatic
chuck includes a dielectric body and one or more electrodes embedded within the
dielectric body. A chucking voltage applied to the electrodes establishes a clamping
force by operation of Coulomb’s law. The clamping force attracts the substrate toward |
a wafer-supporting surface of the dielectric body and holds the backside of the substrate
in contact with the wafer-supporting surface. The exposed surface of the clamped
substrate is subjected to a plasma process including, but not limited to, plasma cleaning,
plasma etching, and plasma-enhanced deposition. After the plasma process is

concluded, the clamping voltage is removed to release or dechuck the substrate.
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[0003] The uniformity of the plasma processing of the substrate’s exposed surface is
a function of the uniformity of ion flux and ion energy, among other variables. The
electrostatic chuck in inductively-coupled plasma (ICP) source systems may be biased
independently with radio-frequency power so that the ion energy at the substrate can be
varied without varying the ion flux at the substrate. The uniformity of the ion flux at the
substrate is primarily determined by the plasma density distribution. Plasma density
distributions in a plasma processing system equipped with an ICP source exhibit a
prominent central peak near the azimuthal centerline of the chamber and decrease
radially from the central peak toward the sidewall, which is typically cylindrical. Fig. 1
shows the radial dependence of the electron density and plasma temperature in a prior
art ICP processing system. Therefore, the uniformity of the plasma processing is
reduced by the radial dependence of the plasma density distribution, which is of

particular concern for large diameter substrates.

[0004] Conventional techniques for reducing the central peak and, thereby,
improving the uniformity of the plasma density distribution, include incorporating
antennas having multiple coil configurations, introducing additional magnetic fields,
and tailoring the dimensions and material of the substrate support pedestal. Although
these techniques improve the uniformity of the plasma density distribution, the
contribution of the chamber sidewall to the radial decrease in the plasma density
distribution remains unaffected. Increasing the diameter of the sidewall lessens the
radial non-uniformity but adds significant cost to the manufacture of the plasma

processing system.
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[0005] As mentioned above, plasma losses originating from the chamber sidewall
contribute significantly to nonuniformity of the plasma density distribution. Attempts
have been made to compensate sidewall effects by increasing the dimensions of the ICP
source dielectric window, which must be robust and thus expensive, and by adding
control units, power supplies, and cooling systems, which also adds hardware
complexity. In plasma processing systems for large dimension substrates, such
corrective measures increase material and consumables expenses, add complexity, and
result in an increased cost of operation. As a result, the overall cost of the plasma

processing system is significantly increased.

[0006]  Therefore, there is a need for apparatus and methods for adjusting a
parameter related to plasma conditions at the substrate-supporting surface of an

electrostatic chuck.

Summary of the Invention

[0007] The present invention overcomes the foregoing and other shortcomings and
drawbacks of plasma processing systems heretofore known. While the invention will be
described in connection with certain embodiments, it will be understood that the
invention is not limited to these embodiments. On the contrary, Ithe invention includes
all alternatives, modifications and equivalents as may be included within the spirit and

scope of the present invention.

[0008]  In one aspect, the invention relates to a method to compensate for radial non-
uniformity of a plasma-related parameter at a substrate-supporting surface of an

electrostatic chuck. The method includes characterizing the radial non-uniformity in the
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plasma-related parameter and selecting a compensating structure having a specific
capacitance for capable of substantially compensating for the radial non-uniformity in
the plasma-related parameter. The presence of the compensating structure makes the
effective specific capacitance uniform over the extent of the substrate-supporting
surface. The substrate-supporting surface is modified for providing a pattern of features
characteristic of the compensating structure and then covered conformally with a
planarization coating of a dielectric material. The dielectric material fills the pattern of

features to provide the compensating structure.

[6009] In another aspect, the invention is directed to an electrostatic chuck for a
plasma processing system that includes a chamber having a substrate-supporting surface
and a plasma generator operative for generating a plasma. The plasma has a plasma
sheath characterized by a radial non-uniformity at the substrate-supporting surface. The
substrate support surface is provided with a compensating structure capable of
substantially compensating for the radial non-uniformity in the plasma by making the
effective specific capacitance uniform over the extent of the substrate-supporting
surface. The compensating structure includes a pattern of features formed in the
substrate support surface and a first dielectric material filling and covering the pattern of

features to provide the compensating structure.

[0010]  In accordance with the principles of the invention, radial non-uniformities in
the plasma sheath, and hence a plasma-related parameter, are compensated adjacent to
the substrate-supporting surface over the area of the substrate-supporting surface or, at
the least, over an area of at least the size of a substrate being processed. The radial

uniformity of substrate plasma processing is improved with a minimal impact on the
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overall system cost as the only system modifications are to the electrostatic chuck
holding the substrate. For example, the principles of the invention may be implemented
in a plasma processing system without modifying other elements of the system design,
such as the RF generator, antenna or matching unit. The improvement in the plasma-
related parameter is achieved without deviating significantly from developed processes
and technology, which minimizes developmental and manufacturing costs associated

with implementing the principles of the invention.

[0011]  The compensating structures of the invention may be used in any ICP plasma
processing system for improving the uniformity of the plasma-surface interaction on the
substrate for conventional processes, such as plasma etching, sputtering; deposition, and
cleaning. Compensating structures of dielectric material fabricated in accordance with
the principles of the invention can be applied to any surface in a plasma processing
system that is exposed to the plasma, such as the chamber walls and deposition shields,
for controlling the uniformity of the plasma-surface interaction with the plasma-exposed

surface.

[0012]  The above and other objects and advantages of the present invention shall be

made apparent from the accompanying drawings and the description thereof.

Brief Description of the Drawings

[0013]  The accompanying drawings, which are incorporated in and constitute a part
of this specification, illustrate embodiments of the invention and, together with a
general description of the invention given above, and the detailed description of the

embodiments given below, serve to explain the principles of the invention.



WO 2004/107387 PCT/US2004/015892
[0014]  Fig. 1is a graphical representation of the plasma density, the electron

temperature, the plasma sheath capacitance, and the sum of the plasma sheath
capacitance and wafer capacitance for a portion of a plasma proximate to the substrate-
supporting surface of an electrostatic chuck in a plasma processing system in

accordance with the prior art;

[0015]  Fig. 2 is a schematic diagram of a plasma processing system in accordance

with the principles of the invention;

[0016]  Fig. 3 is a fragmentary perspective view shown partially in cross-section of a
portion of the electrostatic chuck of Fig. 2 in accordance with the principles of the

invention;
[0017] Fig. 3A is a side view of Fig. 3;

[0018]  Fig. 4 is a graphical view of the total specific capacitance of the
planarization dielectric layer filling the compensating vstructure of the electrostatic chuck

of Fig. 3;

[0019]  Fig. 5is a fragmentary perspective view similar to Fig. 3 of an alternative

embodiment of the electrostatic chuck;
[0020] Fig. 5A is a side view of Fig. 5;

[0021]  Fig. 6is a graphical view of the total specific capacitance of the
planarization dielectric layer filling the compensating structure of the electrostatic chuck

of Fig. 5;
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[0022]  Fig. 7 is a fragmentary perspective view similar to Fig. 3 of an alternative

embodiment of the electrostatic chuck;
[0023] Fig. 7A is a side view of Fig. 7;

[0024] Fig. 8 is a fragmentary perspective view similar to Fig. 3 of an alternative

embodiment of the electrostatic chuck;
[0025] Fig. 8A is a side view of Fig. §;

[0026] Fig. 9 is a graphical view of the total specific capacitance of the
planarization dielectric layer filling the compensating structure of the electrostatic chuck

of Fig. §;

[0027] Fig. 10 is a fragmentary perspective view similar to Fig. 3 of an alternative

embodiment of the electrostatic chuck;
[0028] Fig. 10A is a side view of Fig. 10;

[0029]  Fig. 11 is a graphical view of the total specific capacitance of the
planarization dielectric layer filling the compensating structure of the electrostatic chuck

of Fig. 10;

[0030]  Fig. 12 is a fragmentary perspective view similar to Fig. 3 of an alternative

embodiment of the electrostatic chuck;
[0031] Fig. 12A is a side view of Fig. 12;

[0032] Fig. 13 is a fragmentary perspective view similar to Fig. 3 of an alternative

embodiment of the electrostatic chuck;
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[0033] Fig. 13A is a side view of Fig. 13;

[0034] Fig. 14 is a fragmentary perspective view similar to Fig. 3 of an alternative

embodiment of the electrostatic chuck;

[0035] Fig. 14A is a side view of Fig. 14; and

[0036]  Fig. 15is alogic flow diagram for selecting a compensating structure

according to the principles of the invention.

Detailed Description of the Preferred Embodiments

[0037] With reference to Fig. 2, a plasma processing system 10 operable for treating
a substrate 12, such as a semiconductor wafer, with an inductively-coupled plasma
(ICP) is depicted. Processing system 10 includes a processing chamber 14 that encloses
a processing space 16 with a grounded sidewall. The processing system 10 is provided
with a plasma power source 18 electrically connected in a known manner to an antenna
20 positioned adjacent to a planar dielectric window 22, which forms a sealed portion of
the processing chamber 14. The plasma power source 18 conventionally includes a
radio-frequency (RF) power supply and appropriate RF matching circuitry adapted for
efficient coupling of RF power, typically at 13.56 MHz, to the antenna 20. Antenna 20
directs RF power through the dielectric window 22 into the processing space 16 for
generating and sustaining a plasma 24 in processing space 16 by interacting with a
rarified atmosphere of a partiél pressure of process gas, such as argon, provided in
processing chamber 14. Typically, the plasma power source 18 operates at a frequency
of between about 440 kHz and about 13.56 MHz and outputs an RF power of up to

about 5000 watts. Collectively, the plasma power source 18, antenna 20 and dielectric
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window 22 define a plasma generator operative to generate plasma 24 in processing

space 16, which is used for processing an exposed surface of substrate 12.

[0038] Processing chamber 14 is coupled to an appropriate vacuum system 26
equipped with vacuum pumps and vacuum valves, as are known in the art, suitable for
evacuating processing space 16. Processing chamber 14 is also coupled to an
appropriate process gas source 28 that introduces a process gas at a regulated pressure
suitable for forming plasma 24. Process gas source 28 includes conventional mass flow
controllers for regulating the supply of process gas to the processing space 16. Any
appropriate gas-dispersing element (not shown) may be coupled to process gas source

28 for uniformly introducing the process gas into processing space 16.

[0039] Processing system 10 is illustrative of plasma processing systems in which
the principles of the invention may be incorporated. It is contemplated by the invention
that other types of plasma processing systems may benefit from the principles of the
invention manifested by a reduction in radial non-uniformity of a plasma-related
parameter. Accordingly, the principles of the invention are not limited to any specific

plasma processing system.

[0040] With continued reference to Fig. 2, an electrostatic chuck (ESC) 30 is
mounted within the processing chamber 14 opposite to the antenna 20. The electrostatic
chuck 30 is used to heat or cool the substrate 12, electrically bias the substrate 12, and
support the substrate 12 in a stationary state proximate the plasma 24 in the vacuum
processing space 16. The electrostatic chuck 30 includes a metal body 32 covefed by a
planarization dielectric coating 34. The planarization dielectric coating 34 has a

substrate-supporting surface 36 that faces the plasma 24 and upon which the substrate

-9.
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12 is positioned. Electrodes 38, 40 embedded in the planarization dielectric coating 34

are biased with a DC clamping voltage supplied by a variable, high-voltage power
supply 39. An RF power supply 41 is electrically coupled with the electrodes 38, 40 for
providing a time-dependent DC bias that attracts ions and radicals from the plasma 24
to the exposed surface of the substrate 12. Electrostatic chuck 30 incorporates other
conventional structures as understood by persons of ordinary skill in the art, such as

heating elements, temperature sensors, and passageways for heat transfer gas.

[0041]  When plasma 24 is present in the processing chamber 14, the electron
density (n.) and the electron temperature (Te) are functions of the spatial location within
plasma 24 and functions of plasma conditions, such are gas pressure (par), input RF
power (Prp), electrode geometry, and coil geometry. Formally, this dependence can be

expressed as:
n, =n,(f(%,9:2), Pars Prr &)
and

T, =T,(f(%,2) Pars Per &)

where (&;) denotes the parameter(s) related to other arbitrary plasma and system

conditions.

[0042] With continued reference to Fig. 2, a plasma sheath 42 is formed between
the bulk plasma 24 and the exposed surface of the substrate 12. A plasma sheath (not
shown) is also formed adjacent the grounded sidewall of processing chamber 14 and any

other plasma-exposed surface inside processing chamber 14. The thickness of the

-10 -
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plasma sheath (ds) is defined as the thickness of the region where the electron density is

negligible and where the potential drop (VS=VP-VB) occurs, where Vp is the plasma
potential and the V3 is the bias on the surface either from an external source, such as
power supplies 39, 41, or self-bias. As a first approximation, the thickness of the

plasma sheath 42 is related to the Debye length ds~Ap, which is given by:

E kT,
Ap = /.0__2_
n,e
T,(eV)

or approximately A, (cm)= 743 7_3)
n,\cm

and also depends on the collisional mean free path in the plasma and is affected by
external biases applied to the surface (where £0=8.85x10""* F/m is the absolute
permittivity, e=1.6022x10""? coulombs, and k=1.3807x107 J/K is the Boltzman
constant). However, practical sheath thicknesses are considerably larger than Debye
length. At pressures exceeding about 100 mTorr, the thickness of the plasma sheath 42

can be estimated from:

d, = 77% Ap

and at-pressures less than about 100 mTorr, the sheath thickness can be estimated from:
d, = 1.177%/11)

where

e(Vp —VB) .

(A

[0043]  Inlow pressure plasmas generated with an ICP plasma source, the electron

temperature is relatively small, around 1- 2 eV, and biases up to about —~100 VDC, such

-11-
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that the plasma sheath thickness is about ds= 32Ap.

[0044] At an excitation frequency of 13.56 MHz, the electrical properties of the
plasma sheath 42 are characterized by a capacitance determined by the surface area (A)
of the substrate-supporting surface 36 and the thickness of the plasma sheath 42. The

sheath capacitance is given by:

Csheath = lE‘r 80 E—

s
in which g.=1.

[0045]  The sheath capacitance may be expressed as a function of the plasma
parameters, electron density and the electron temperature. Due to radial non-
uniformities in the electron density and electron temperature, the capacitance of the
plasma sheath 42 at the substrate-supporting surface 36 facing the plasma 24 will be
radially non-uniform. The capacitance of the plasma sheath 42 per unit area at the
substrate-supporting surface 36 of the electrostatic chuck 30, after substituting for ds, is

expressed as:

cBe =1.224x107° g,sone}éT% (V,, v, Vo

sheath

where electron density (ng) is in cm, electron temperature (Te) is in eV, and potentials
(V) and (Vp) are in volts, and (;) is the dielectric constant of a vacuum. Similarly, on
the grounded sidewall of processing chamber 14, the specific capacitance of the plasma

sheath 42 can be expressed as:

-12-
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crt =Crt (n,,T,),eg Cr =1.224x10-3a,eon24T%Vp%

sheath sheath

[0046] These relationships may be used for estimating the specific capacitance over
electrostatic chuck 30 or, using the latter expression, any other plasma-exposed surface

in plasma processing system 10.

[0047] The sheath capacitance possesses radial inhomogeneities or non-uniformities
manifested by radial non-uniformities in plasma parameters, such as electron density,
electron temperature, or plasma potential, or by radial non-uniformities in process
parameters such as etch rate, deposition rate, and film thickness. Plasma properties are
measured proximate to the substrate-supporting surface 36 of the electroétatic chuck 30
and prbcess properties are evaluated by examining the processed wafer. The design

process will be described below in relation to Fig. 15.

[0048] With reference to Figs. 3 and 3A and in accordance with one embodiment of
electrostatic chuck 30, metal body 32 includes a plurality of equally-spaced,
substantially parallel ridges 50. Adjacent ridges 50 are separated by one of a plurality of
voids or grooves 52 for collectively defining a one-dimensional grid. The periodicity of
the grid measured center-to-center between either adjacent ridges 50 or adjacent grooves
52 is given by a pitch (s=s.+s;), in which the groove width is defined as sg=(1-a)s, the
ridge width is defined as s,=as, and the parameter o satisfies the condition 0< a<1. As a

approaches 1, the grooves 52 narrow and the ridges 50 widen.

[0049] The planarization dielectric coating 34 conformally covers and fills the
ridges 50 and grooves 52 in the metal body 32. Therefore, the planarization dielectric

coating 34 includes a uniformly thick layer 54 and ridges 56 that project from layer 54

-13-
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toward the metal body 32 for filling the grooves 52 in the metal body 32. The

planarization dielectric coating 34 overlying the grooves 52 in the metal body 32 has a
maximal thickness (dmax) equal to ‘the thickness of layer 54 and ridges 56. The
planarization dielectric coating 34 overlying the ridges 50 in the metal body 32 has a
minimal thickness (dumin) equal to the thickness of layer 54, where dpn-Bdmax and the

parameter  satisfies the condition 0< <1.

[0050] Portions of planarization dielectric coating 34 filling and overlying the
grooves 52 have a specific capacitance given by:

1><Ns(1—a) _ &5 (1 - a)
d

max max

c?r (F n12)= .,

groove

(

where N is number of grooves 52 per unit length and &, is the dielectric constant of the
planarization dielectric coating 34. Similarly, portions of planarization dielectric

coating 34 overlying the ridges 50 have a specific capacitance given by:

Crtee [ m?) = =22

[0051]  Because the specific capacitances of these portions of the planarization
dielectric coating 34 are effectively connected in parallel, the total specific capacitance

of the one-dimensional linear grid is given by their algebraic sum:

(Ffm?)= €.6,(1-) . 86}800( Cce, (l—a;dm:; od

‘max min min “* max

CID

total

[0052] Replacing dpy, with Bdpax yields:

-14 -
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[0053]  If the grooves 52 are very wide so that a approaches 0, the total specific

capacitance has a minimum value given by:

£.&,

Crlm';(F/mz)z

max

[0054]  And, if grooves 52 are very narrow so that o approaches 1, the total specific

capacitance has a maximum value given by:

C2.(F/m?)=

min

[0055] With reference to Fig. 4, the total specific capacitance of the dieiectn'c
material the planarization dielectric coating 34 filling and overlying the one-
dimensional linear grid of grooves 52 and ridges 56 (Figs. 3, 3A) is graphically
illustrated as a function of the parameters o and f3, in which alumina (g, = 9.5) is chosen
as the dielectric material constituting the planarization dielectric coating 34 and the
maximal thickness of the planarization dielectric coating 34 is 1 mm. Generally, the
total specific capacitance increases with increasing a for constant B, which denotes that
the total specific capacitance increases as the grooves 52 narrow. Generally, the total
specific capacitance decreases with increasing 3 for constant o, which denotes that the
total specific capacitance decreases as the difference between the minimal and maximal
lessens. The total specific capacitance may be displayed graphically, as in Fig. 4, for
other dielectric materials having a different dielectric constant, such as quartz (g, = 3.8),

in which case the family of curves will shift vertically. Electrostatic chucks may be

-15-
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designed with one-dimensional linear grids (Fig. 3) selected using Fig. 4 as a guideline

in order to compensate for observed radial inhomogeneities or non-uniformities in
plasma parameters, such as electron density, electron temperature, or plasma potential,

or process parameters such as etch rate, deposition rate, and film thickness.

[0056] With reference to Figs. 5 and 5A and in accordance with another
embodiment of electrostatic chuck 30, metal body 32 includes a two-dimensional grid
having interlaced, crossing rows of parallel, equally-spaced voids or grooves 60 that
intersect to define a plurality of posts or columns 62. A planarization dielectric coating
58 conformally covers and fills the grooves 60 and columns 62 in the metal body 32.
Therefore, the planarization dielectric coating 58 includes a uniformly thick layer 64
and ridges 66 that project from layer 64 toward the metal body 32 at locations that fill
the grooves 60 in the metal body 32. The portion of the planarization dielectric coating
58 filling and overlying the grooves 60 has a specific capacitance of:

c?® (F/m2)=fﬂxﬂ

groove x
max S S ?

[0057]  The portion of the planarization dielectric coating 58 overlying the columns

62 has a specific capacitance of:

C2D

ridge

Xy
(F/m2)= £,&, ngsg
s*s?

min

[0058]  The total specific capacitance of the two-dimensional rectangular grid is

given by:

- 16 -
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2 (/)-S5 T i)

[, ({31

in which the superscripts “x” and “y” refer to the x and y directions, respectively.

[0059]  Assuming that the grid is proportional in the x and y directions, e.g. 0 = O =

o?, the total specific capacitance can be written as:

d

max

c2 (F/m?)= 5250 [“7}(1—0{)2}

[0060]  With reference to Fig. 6, the total specific capacitance of the dielectric
material the planarization dielectric coating 58 filling and overlying the two-
dimensional rectangular grid of grooves 60 and columns 62 (Figs. 5, 5A) is graphically
displayed as a function of a and f, in which alumina (g, = 9.5) is chosen as the dielectric
material and the maximal thickness of the planarization dielectric coating 58 is 1 mm.
Generally, the total specific capacitance decreases with increasing o for constant  to an
inflection point and increases from the inflection point to a maximum as o, continues to
increase. Generally, the total specific capacitance decreases with increasing f for
constant a, which denotes that the total specific capacitance decreases as the difference
between the minimal and maximal lessens. Similar to the family of curves depicted Fig.
4, electrostatic chucks may be designed with two-dimensional linear grids (Fig. 5)
selected using Fig. 6 as a guideline in order to compensate for observed radial

inhomogeneities or non-uniformities in plasma parameters or process parameters.

[0061]  With reference to Figs. 7 and 7A and in accordance with one embodiment of

electrostatic chuck 30, metal body 32 includes a plurality of circular ridges 68 arranged

-17 -
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in a mutually concentric relationship, in which adjacent ridges 68 are spaced apart by

one of a plurality of circular voids or grooves 70. The ridges 68 all have the same radial
dimension, as do the groo;/es 70. A planarization dielectric coating 72 conformally
covers and fills the ridges 68 and grooves 70 in the metal body 32. Therefore, the
planarization dielectric coating 72 includes a uniformly thick layer 74 and ridgés 76 that
project from layer 74 toward the metal body 32 at locations that fill the grooves 70 in
the metal body 32. At relatively large radiuses, the curvature of the ridges 68, 76 and
grooves 70 may be neglected and the planarization dielectric coating 72 filling and
overlying the ridges 68, 76 and grooves 70 may be approximated as linear features
having a specific capacitance of:

Coi™ (F/m")= 3&[1 - %}

© max

which is independent of radius. For relatively small radiuses, the specific capacitance of

the planarization dielectric coating 72 is a function of the radius and may be written as:

[0062] With reference to Figs. 8 and 8A and in accordance with one embodiment of
electrostatic chuck 30, the surface of metal body 32 includes a plurality of projections
80 having a height of h = (1-B) dmax and a radius of R = ais/2, where (s) is the center-to-
center spacing between adjacent projections and 0<o<1. Projections 80 are deﬁned by
an intersecting set of voids or grooves 82 formed in metal body 32. A planarization
dielectric coating 84 conformally covers and fills the projections 80 and grooves 82 in

the metal body 32. Therefore, the planarization dielectric coating 84 includes a
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uniformly thick layer 85 andridges 86 that project from layer 85 toward the metal body

32 at locations that fill the grooves 82 in the metal body 32. The total specific

capacitance of the planarization dielectric coating 84 is given by:

rotrusions gr Z 7 a,Z 1-
Ctgtalt (F’/’nz)z d ° l:1+ 4('ﬁ ﬂ):,

max

[0063] The invention contemplates that the projections 80 may have a shape other
than that of a right circular cylinder, as illustrated in Fig. 8. For example, the
projections 80 may be hemispherical, pyramidal, frustopyramidal, conical,
frustoconical, or any other geometrical shape apparent to a person of ordinary skill in

the art.

[0064] With reference to Fig. 9, the total specific capacitance of the dielectric
material the plariarization dielectric coating 84 filling and overlying the projections 80
and grooves 82 (Figs. 8, 8A) is graphically illustrated as a function of the parameters o
and B, in which alumina (g; = 9.5) is chosen as the dielectric material constituting the
planarization dielectric coating 84 and the maximal thickness of the planarization
dielectric coating 34 is 1 mm. Generally, the total specific capacitance increases with
increasing o for constant B, which denotes that the total specific capacitance increases as
the grooves 82 narrow. Generally, the total specific capacitance decreases with
increasing P for constant o, which denotes that the total specific capacitance decreases
as the difference between the minimal and maximal lessens. The total specific
capacitance may be displayed graphically, as in Fig. 9, for other dielectric materials
having a different dielectric constant, such as quartz (g = 3.8), in which case the family

of curves will shift vertically. Electrostatic chucks may be designed using Fig. 9 as a
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guideline in order to compensate for observed radial inhomogeneities or non-

uniformities in plasma parameters or process parameters.

[0065] With reference to Figs. 10 and 10A and in accordance with one embodiment
of electrostatic chuck 30, metal body 32 includes a plurality of recesses 88 each having
a depth h = (1-B) dmax. Each recess 88 has a radius given by R=as, where s is the center-
to-center spacing between adjacent recesses 88 in any given row of recesses 88. A
planarization\dielectric coating 90 conformally covers the metal body 32. The
planarization dielectric coating 90 has projections 92 that fill the recesses 83 and a
uniformly thick layer 94 that covers the metal body 32. The total specific capacitance of

the planarization dielectric coating 90 is given by:

total

Crecss () £250 [ 1 (1—/?)}

[0066]  The invention contemplates that the recesses 88 may have a shape other than
that of a right circular cylinder, as illustrated in Fig. 10. For example, the recesses 88
may be hemispherical, pyramidal, frustopyramidal, conical, frustoconical, or any other

geometrical shape apparent to a person of ordinary skill in the art.

[0067]  With reference to Fig. 11, the total specific capacitance of the dielectric |
material the planarization dielectric coating 90 filling and overlying recesses 88 (Figs.
10, 10A) is graphically displayed as a function of o and f, in which alumina (&; = 9.5) is
chosén as the dielectric material and the maximal thickness of the planarization
dielectric coating 90 is 1 mm. Generally, the total specific capacitance decreases with
increasing o for constant B, which denotes that the total specific capacitance decreases

as the recesses 88 narrow. Generally, the total specific capacitance decreases with
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increasing 3 for constant o, which denotes that the total specific capacitance decreases

as the difference between the minimal and maximal lessens. Electrostatic chucks may
be designed using Fig. 11 as a guideline in order to compensate for observed radial

inhomogeneities or non-uniformities in plasma parameters or process parameters.

[0068] With reference to Figs. 12 and 12A and in accordance with an alternative
embodiment of the invention, a dielectric coating 96 covers metal body 32. Dielectric
coating 96 is structured with a linear one-dimensional grid of ridges 98 in which
adjacent ridges 98 are separated by one of multiple voids or grooves 100. A
planarization dielectric coating 102 conformally covers and fills the ridges 98 and
grooves 100 in the dielectric coating 96. Planarization dielectric coating 102 has a
uniformly thick layér 106 and multiple ridges 104 that fill the grooves 100. To control
of the specific capacitance, the two dielectric coatings 96, 102 are formed from different
dielectric materials, selected from among alumina, quartz and another materials having
appropriate dielectric constants. In one embodiment, the planarization dielectric coating
102 may be formed from alumina and the dielectric coating 96 may be formed from

quartz.

[0069] The ridges 98 and grooves 100 in the dielectric coating 96 have a periodicity
given by a pitch s=sg+s;, a groove width defined as s,=(1-0))s, and a ridge width given
by the relation s,=0is, where 0<0a<1. The step height between the ridges 98 and grooves
100 is estimated as the difference between the maximal and minimal thickness of the
structured dielectric layer given by hi=d; max - di min, Where dy min =B1d; max and 0<B;<1.
The ridges 104 in the planarization dielectric coating 102 are complementary to the

grooves 100 in the dielectric coating 96 as the dielectric material of ridges 104 fills the
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grooves 100. The step height of the planarization dielectric coating 102 is the

difference between the maximal and minimal thicknesses given by h=d3 max — d2 min,

where dg min =B1d2 max and OSBlﬁl.

[0070] After mathematical manipulation, the total specific capacitance of the

dielectric coatings 96, 102 is given by:

1-o o
Ctlogzl (F/m2 ) = 81r82r80[ ( ) +
bilayer €1rdzmax + 82rd1min glrdZmin + €2rd1max

[0071] With reference to Figs. 13 and 13A and in accordance with an alternative
embodiment of the invention, a dielectric coating 108 covers metal body 32. Dielectric
coating 108 includes a two-dimensional grid having interlaced, cros,sing rows of parallel
voids or grooves 110 that intersect to define a plurality of posts or columns 112, A
planarization dielectric coating 114 conformally covers and fills the columns 112 and
grooves 110. Planarization dielectric coating 114 has a uniformly thick layer 116 and
multiple ridges 118 that fill the grooves 110. To control the specific capacitance,
different dielectric materials, selected from among alumina, quartz and other materials

having appropriate dielectric constants, constitute the dielectric coatings 108, 114.

[0072]  The total specific capacitance of the dielectric coatings 108, 114 is given by:

2D 2)_ (1“'“)2 a,'2
Ctboiizi’er(F/nl )—£1r€2r80|:£ d +€2rd +8 d, . +82rd

1r7* 2 max 1min 1r**2min

in which the grid is proportional in the x and y directions, e.g. o= o' = o/,
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[0073] With reference to Figs. 14 and 14A and in accordance with an alternative

embodiment of the invention a dielectric coating 120 covers metal body 32. Dielectric
coating 120 includes a plurality of circular ridges 122 arranged in a mutually concentric
relationship, in which adjacent ridges 122 are spaced apart by one of a plurality of
circular voids or grooves 124. A planarization dielectric coating 126 conformally
covers and fills the ridges 122 and grooves 124. Therefore, the planarization dielectric
coating 126 includes a uniformly thick layer 128 and ridges 130 that project from layer

128 for filling the grooves 124.

[0074] At relatively large radiuses, the curvature of the ridges 122 and grooves 124
may be neglected and the ridges 122 and grooves 124 may be approximated as linear
features. The total specific capacitance of the dielectric coatings 120, 126 is

approximately equal to:

. -« a
Ceene(pfm )= 6, 8| ——-I_
bilayer 81rd2max + 82rd1min SlrdZmin + 82rd1max

[0075] For relatively small radiuses, the total specific capacitance is given by:

C.C
1~2
roral , Where

(C concentric ( F / mZ ) —
bilayer Cl + 2

" a 1-a, o (1 1)s
c,(F/m )—glreo[—d +——+afl af)[d y JZ:‘J

Imax 1min Tmin 1max

1- 1 1

2max 2min 2max
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[0076]  The invention contemplates that other structures may be appropriate for

adjusting the specific capacitance of the surface of the electrostatic chuck 30 (Fig. 2).

\

[0077] With reference to Fig. 15, a process is described for adjusting a parameter
related to plasma conditions at the substrate-supporting surface of an electrostatic chuck
in order to correct a process non-uniformity relating to a parameter &i=&i(r) relating to
plasma conditions. ' The process non-uniformity may be characterized by a radial
dependence of a plasma parameter, such as plasma density, electron temperature, and
plasma potential, or by a radial dependence of another process parameter, including but
not limited to etching rate, deposition rate, and film thickness, that is directly correlated
with plasma parameters. In block 150, the process non-uniformity may be estimated by
direct measurement of the plasma parameters near the exposed surface of the
electrostatic chuck or by measurement of the process parameter, such as etch or

deposition rate, from the processed substrate.

[0078]  Inblock 152, the specific capacitance of the plasma sheath, C vlasma (Em),

sheath
which is a function of radial position, is determined. In block 154, the total
uncompensated specific capacitance is given by the individual specific capacitances of
the plasma sheath, substrate and electrostatic chuck, which are connected in series, and

is expressed as:

C plasma (é:( r ) ) Csubslmte CESC

Cuncompensaied ( l") _ sheath
total - ( ) ( )
CxubstrateCESC + Cpln:ma f(r) CESC + Cplasmn f(r ) C.s‘ubstrale
' sheath sheath

[0079]  In this expression, it is appreciated that the electrostatic chuck 30 (Fig. 2)

may have an existing dielectric coating on its substrate-contacting surface that
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contributes a specific capacitance. The specific capacitance of the substrate Cgpstrate and

the electrostatic chuck Cgsc are roughly constant over the surface area of the substrate.

For a 300 mm silicon substrate, Cyage=13 pF/cm2 and Cggc=15-25 pF/cm2 . The total

Cuncompensated

specific capacitance C,,y (r) has a radial dependence due to the radial

dependence of the sheath specific capacitance C ().

sheath

[0080]  Inblock 156, the goal is to adjust the total compensated specific capacitance
to be uniform and constant across the entire exposed surface area of the substrate. To

that end and as in block 158, a total specific capacitance C,,ensuing (r) for a

structure
compensating structure is added in series with the total uncompensated specific

capacitance of the plasma sheath, substrate and electrostatic chuck that compensates for
radial non-uniformities in the plasma sheath. The total specific capacitance satisfies the

relationship: !

: d
C;‘:Jot::;penmte d = constant < min C :;;z;lompen:a te ( r)}

[0081]  The specific capacitance of the compensating structure is given by:

uncompensa ted ( ) compensate d
— Ctolal r xctaml

Ccompemati ng (I") - Cuncompensa ted (7‘) _ Ccompensate d

structure total total

[0082]  From expression for capacitances connected in series we can derive

min{Cp,m.m,, (i")} X Cplasma (7')

sheath sheath

Cplasma (7") - min{cplasma (7‘)}

sheath sheath

Ccampensaling (7‘) =

Structure
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[0083] The invention contemplates that, in accordance with one embodiment of the

invention, an existing dielectric coating of the electrostatic chuck may be replaced in its

entirety by the compensating structure. Under this retrofitting circumstance, the specific
capacitance of the electrostatic chuck will become the specific capacitance of the

compensating structure.

[0084] In block 160, a compensating structure is selected from among the
compensating structures illustrated in Figs. 3, 5,7, 8, 10, 12, 13, and 14 or other
alternative compensating structures consistent with the principles of the invention. The
selection of the compensating structure must also satisfy other design requirements and
specifications. It is appreciated that different compensation structures can be applied to
different surface areas of the electrostatic chuck 30 (Fig. 2) so that a combination of

compensating structures is selected.

[0085] In block 162, the substrate-supporting surface of the electrostatic chuck is
modified to physically generate a pattern of features characteristic of the compensating
structure. The features may be formed by techniques including, but not limited to,
micro-machining, laser surface engineering or plasma deep structuring (Bosch process)
and wet chemical etching. It is appreciated by persons of ordinary skill in the art that
the substrate-supporting surface in which the features are formed may be constituted by
metal or by a dielectric coating of a material having a dielectric constant different from
the dielectric constant of the planarization dielectric coating. Finally, the substrate-
supporting surface is conformally coated with the planarization dielectric coating to fill
the pattern of features with dielectric material to provide the compensating structure.

The substrate-supporting surface may be planarized by a polishing process, such as
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chemical mechanical polishing, after deposition.

[0086] While the present invention has been illustrated by a description of various
embodiments and while these embodiments have been described in considerable detail,
it is not the intention of the applicant to restrict or in any way limit the scope of the
appended claims to such detail. Additional advantages and modifications will readily
appear to those skilled in the art. The invention in its broader aspects is therefore not
limited to the specific details, representative methods, and illustrative examples shown
and described. Accordingly, departures may be made from such details without

departing from the spirit or scope of applicant’s general inventive concept.

[0087] ICLAIM:
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10

1. A electrostatic chuck for a plasma processing system capable of generating a
plasma having a plasma sheath, comprising:

a substrate-supporting surface characterized by a specific capacitance; and

a compensating structure on said substrate-supporting surface, said
compensating structure capable of compensating for a radial non-uniformity in the
plasma ‘sheath adjacent said substrate-supporting surface by making the specific
capacitance substantially uniform over the extent of said substrate-supporting surface,
said compensating structure including a pattern of features formed in said substrate-
supporting surface and a first dielectric material filling and covering the pattern of

features.
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2. The electrostatic chuck of claim 1 wherein said first dielectric material includes

a plurality of parallel specific capacitances defined by said pattern of features.

3. The electrostatic chuck of claim 2 wherein said first dielectric material includes
a layer of substantially uniform thickness and a plurality of portions filling said pattern

of features.

4. The electrostatic chuck of claim 1 wherein said pattern of features includes a
plurality of linear ridges and a plurality of linear grooves, adjacent pairs of said plurality
of linear ridges being separated by a corresponding one of said plurality of linear

grooves.

5. The electrostatic chuck of claim 1 wherein said pattern of features includes a
plurality of columns, a first plurality of linear grooves, and a second plurality of linear
grooves orthogonal to said first plurality of linear grooves, each of said plurality of
columns being defined by the intersection of a pair of said first plurality of said linear

5  grooves with a pair of said second plurality of linear grooves.

6. The electrostatic chuck of claim 1 wherein said pattern of features includes a
plurality of concentric ridges and a plurality of concentric grooves, adjacent pairs of said
plurality of concentric ridges being separated by a corresponding one of said plurality of

concentric grooves.
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7. The electrostatic chuck of claim 1 wherein said pattern of features includes a

plurality of recesses formed in said substrate-supporting surface.

8. The electrostatic chuck of claim 1 further comprising:
a second dielectric material underlying said first dielectric material, said pattern
of features being formed in the second dielectric material, and the second dielectric

material having a different dielectric constant than the first dielectric material.
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9. A plasma processing system comprising:

a chamber having a substrate-supporting surface characterized by a specific
capacitance;
a plasma generator operative for generating a plasma, the plasma having a
5  plasma sheath with a radial non-uniformity at said substrate-supporting surface; and
é compensating structure on said substrate-supporting surface, said
compensating structure capable of compensating for the radial non-uniformity in the
plasma sheath by making a specific capacitance substantially uniform over the extent of
said substrate-supporting surface, said compensating structure including a pattern of
10  features formed in said substrate-supporting surface and a first dielectric material filling

and covering the pattern of features.
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10.  The plasma processing system of claim 9 wherein said first dielectric material

includes a plurality of parallel specific capacitances defined by said pattern of features.

11.  The plasma processing system of claim 10 wherein said first dielectric material
includes a layer of substantially uniform thickness and a plurality of portions filling said

pattern of features.

12.  The plasma processing system of claim 9 wherein said pattern of features
includes a plurality of linear ridges and a plurality of linear grooves, adjacent pairs of
said plurality of linear ridges being separated by a corresponding one of said plurality of

linear grooves.

13.  The plasma processing system of claim 9 wherein said pattern of features
includes a plurality of columns, a first plurality of linear grooves, and a second plurality
of linear grooves orthogonal to said first plurality of linear grooves, each of said
plurality of columns being defined by the intersection of a pair of said first plurality of

5  said linear grooves with a pair of said second plurality of linear grooves.

14.  The plasma processing system of claim 9 wherein said pattern of features
includes a plurality of concentric ridges and a plurality of concentric grooves, adjacent
pairs of said plurality of concentric ridges being separated by a corresponding one of

said plurality of concentric grooves.
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15. The plasma processing system of claim 9 wherein said pattern of features

includes a plurality of recesses formed in said substrate-supporting surface.

16.  The plasma processing system of claim 9 further comprising:
a second dielectric material underlying said first dielectric material, said pattern
of features being formed in the second dielectric material, and the second dielectric

material having a different dielectric constant than the first dielectric material.
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10

17. A method to compensate for a radial non-uniformity of a plasma-related
parameter at a substrate-supporting surface of an electrostatic chuck, the radial non-
uniformity produced by a radial non-uniformity in a plasma sheath of a plasma adjacent
the electrostatic chuck, comprising:

characterizing the radial non-uniformity in the plasma-related parameter at the
substrate-supporting surface;

selecting a compensating structure having a specific capacitance capable of
substantially compensating for the radial non-uniformity in the plasma sheath;

modifying the substrate-supporting surface to provide a pattern of features
characteristic of the compensating structure; and

conformally forming a coating of a first dielectric material on the substrate-
supporting surface, the first dielectric material filling and covering the pattern of

features to provide the compensating structure.
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18.  The method of claim 17 further comprising:

processing a substrate on the substrate-supporting surface with the plasma; and

measuring the plasma-related parameter from the processed substrate.

19.  The method of claim 18 wherein the plasma-related parameter is selected from

the group consisting of etching rate, deposition rate, and film thickness.

20.  The method of claim 17 further comprising:
measuring the plasma-related parameter adjacent the substrate-supporting

surface.

21.  The method of claim 20 wherein the plasma-related parameter is selected from

the group consisting of plasma density, electron temperature, and plasma potential.

22.  The method of claim 17 further comprising:
calculating the specific capacitance of the plasma sheath adjacent the substrate-

supporting surface from the plasma-related parameter.

23, The method of claim 22 wherein determining the specific capacitance of the

compensating structure further comprises:

using the specific capacitance of the plasma sheath to determine the specific

capacitance of the coating of the first dielectric material.
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24.  The method of claim 17 wherein the coating of the first dielectric material

includes a plurality of parallel specific capacitances defined by the pattern of features.

25.  The method of claim 17 wherein modifying the substrate-supporting surface
further comprises:

removing material from the substrate-supporting surface to form a plurality of
linear grooves therein, adjacent pairs of the plurality of linear grooves ridges being

5  separated by a corresponding one of a plurality of linear ridges.

26. Thé method of claim 17 wherein modifying the substrate-supporting surface
further comprises:
removing material from the substrate-supporting surface to form a first plurality
of linear grooves and a second plurality of linear grooves aligned substantially
5  orthogonal to the first plurality of linear grooves, each intersection of a pair of the first
plurality of linear grooves with a pair of the second plurality of linear grooves defining a

corresponding one of a plurality of columns.

27.  The method of claim 17 wherein modifying the substrate-supporting surface
further comprises:

removing material from the substrate-supporting surface to form a plurality of
concentric grooves, adjacent pairs of the plurality of concentric grooves being separated

5 by acorresponding one of a plurality of concentric ridges.
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28.  The method of claim 17 wherein modifying the substrate-supporting surface

further comprises:
removing material from the substrate-supporting surface to form a piurality of

IECCSSES.

29.  The method of claim 17 further comprising:

covering the substrate-supporting surface with a coating of a second dielectric
material before the substrate-supporting surface is modified with the pattern of features,
the pattern of features being formed in the second dielectric material and the second

5  dielectric material having a different dielectric constant than the first dielectric material.
30.  The method of claim 17 further comprising determining a specific capacitance

of the plasma sheath from the radial non-uniformity in the plasma sheath, and selecting

the compensating structure based upon the specific capacitance of the plasma sheath.
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