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(57) ABSTRACT

A method of processing a workpiece in a plasma reactor
having an electrostatic chuck for supporting the workpiece
within a reactor chamber, the method including circulating
a coolant through a refrigeration loop that includes an
evaporator inside the electrostatic chuck, while pressurizing
a workpiece-to-chuck interface with a thermally conductive
gas, sensing conditions in the chamber including tempera-
ture near the workpiece and simulating heat flow through the
electrostatic chuck in a thermal model of the chuck based
upon the conditions. The method further includes obtaining
the next scheduled change in RF heat load on the workpiece
and using the model to estimate a change in thermal con-
ditions of the coolant in the evaporator that would hold the
temperature nearly constant by compensating for the next
scheduled change in RF heat load, and making the change in
thermal conditions of the coolant in the evaporator prior to
the time of the next scheduled change by a head start related
to the thermal propagation delay through the electrostatic
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Run the Thermal Model During Wafer Processing 300
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l
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to Control the Wafer Temperature as Follows:
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At Time t1, Command the Agile Temp Control Loop 436.

to Meet the Change in RF Heat Load (by Changing
the Backside Gas Pressure)
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Meanwhile, Command the Agile Temp Control Loop 446
to Control the Wafer Temperature as Follows: o
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" Changes in Backside Gas Pressure

:

At Time t1, Compensate for the RF Heat Load \p446b
Change Scheduled for Time ti (i.e., Step the
Backside Gas Pressure to a New Level)

'

Hold the Wafer Temp Constant After Time t1 and ™ —446c
Until Time t2 (i.e., Mask Changes in ESC Temp
with Changes in Backside Gas Pressure)

'

At Time t2, Allow the Change in ESC Temp to “}-] #46d
Counteract the RF Heat Load Change Scheduled

Time t2 (i.e., Increase the Wafer/ESC Thermal
Conductance by Increasing the Backside Gas PSI)

Advance the Present Time Beyond t2 -

FIG. 35C



US 2007/0091541 A1

Patent Application Publication Apr. 26,2007 Sheet 31 of 31

9¢€ Old

J0SS2004dd
[o13u0) o113V

(

0¢¢

(18 "7Y)
doo7 piemaoy pasg

aqijord aJnjeradurs],

JI0SS3001J [013U0)

agduey odJeT

[

8CC

(

¢G¢

(02 '9ig) dooq

aunjesadwa] Jajepy
ur safueqy) Jo
a[npayog adioay

10889004 |f—\
pIiemioy paajg
AHV J9)sey N——/ peoT 185l 4N
[AN4 0G¢
SIUSWSINSeI
aanjersdwa],
. Jomod 4y
.mw ommﬁ%v ur seduey) Jo
1oesd a[npayog adrosy

(

¢e¢e

[

1 G¢



US 2007/0091541 Al

METHOD OF PROCESSING A WORKPIECE IN A
PLASMA REACTOR USING FEED FORWARD
THERMAL CONTROL

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 60/729,314, filed Oct. 20, 2005.

BACKGROUND OF THE INVENTION

[0002] In a capacitively coupled plasma reactor, control
over dissociation has been achieved with a wide impedance
match space at very high RF source power over a very wide
chamber pressure range. Such a wide operating range is
attributable, at least in part, to a unique feature of the
overhead electrode matched to the RF power source by a
fixed impedance matching stub with the following features.
First, the electrode capacitance is matched to the plasma
reactance at a plasma-electrode resonant frequency. The stub
resonant frequency, the plasma-electrode resonant fre-
quency and the source frequency are nearly matched at a
VHEF frequency. A highly uniform etch rate across the wafer
is attained through a number of features. These features
include, among other things, the adjustment of the bias
power feedpoint impedance on the electrostatic chuck to
provide a radially uniform RF impedance across the chuck
for both its role as an RF bias power applicator and as an RF
return for the VHF source power from the overhead elec-
trode. This adjustment is made by dielectric sleeves around
the bias feed line of uniquely selected dielectric constants
and lengths. Another feature is a dielectric ring process kit
for the cathode periphery to combat edge effects. Other
features that can further improve process or etch rate dis-
tribution uniformity include dual zone gas feeding, curving
of the overhead electrode and plasma steering magnetic
fields. A plasma reactor that includes many of these key
features provides an etch rate distribution uniformity that
surpasses the conventional art.

[0003] With rapid shrinking of circuit feature sizes, the
requirements for etch rate distribution uniformity are so
stringent that small temperature variations across the wafer
must now be minimized or eliminated, with the added
proviso that future sophisticated process recipes designed to
meet the latest stringent requirements will require agile and
highly accurate time-changing wafer temperature profiling,
and/or RF heat load profiling. Such changes must be effected
or compensated with the greatest temperature uniformity
across the wafer. How to do all this without degrading the
now highly uniform etch rate distribution currently afforded
by the reactor is a difficult problem. Moreover, such highly
accurate and agile temperature control or profiling requires
accurate temperature sensing at the wafer. However, intro-
duction of temperature probes near the wafer will create
parasitic RF fields which distort the fine effects of the
feed-point impedance dielectric sleeves and the dielectric
ring process kit, defeating their purpose. Temperature non-
uniformities at the wafer arising from lack of control, to the
extent that they impact the etch chemistry, will have the
same ultimate effect of distorting an otherwise uniform
environment.

[0004] Conventional cooling systems for regulating the
temperature of the wafer support pedestal or electrostatic
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chuck employ a refrigeration system that cools a refrigerant
or coolant medium using a conventional thermal cycle and
transfers heat between the coolant and the electrostatic
chuck through a separate liquid heat transfer medium. The
coolant may be a mixture of deionized water with other
substances such as glycol and (or) perfluoropolyethers. One
problem with such systems is that, at high RF power levels
(high RF bias power or high RF source power or both), such
cooling systems allow the wafer temperature to drift
(increase) for a significant period before stabilizing after the
onset of RF power. Such temperature drift has two phases.
In a brief initial phase, the electrostatic chuck is at an
ambient (cold) temperature when RF power is first applied,
so that the temperature of the first wafer to be introduced
climbs rapidly toward equilibrium as the RF heat load
slowly heats the chuck. This is undesirable because the
wafer temperature rises uncontrollably during processing.
Even after the electrostatic chuck (ESC) has been heated by
the RF heat load, the wafer temperature drifts upwardly and
slowly approaches an equilibrium temperature. Such drift
represents a lack of control over wafer temperature, and
degrades the process. The drift is caused by the inefficiency
of the conventional cooling process.

[0005] Another problem is that rapid temperature varia-
tions between two temperature levels cannot be carried out
for two reasons. First, the heat transfer fluid that provides
thermal transfer between the ESC and the coolant has a heat
propagation time that introduces a significant delay between
the time a temperature change is initiated in the refrigeration
loop and the time that the wafer actually experiences the
temperature change. Secondly, there is a heat propagation
time delay between the cooled portion of the ESC base and
the wafer at the top of the ESC, this time delay being
determined by the mass and heat capacity of the materials in
the ESC.

[0006] One of the most difficult problems is that under
high RF heat load on the wafer requiring high rates of
thermal transfer through the cooled ESC, the thermal trans-
fer fluid temperature changes significantly as it flows
through the fluid passages within the ESC, so that tempera-
ture distribution across the ESC (and therefore across the
wafer) becomes non-uniform. Such non-uniformities have
not presented a significant problem under older design rules
(larger semiconductor circuit feature sizes) because etch rate
uniformity across the wafer diameter was not as critical at
the earlier (larger) feature sizes/design rules. However, the
current feature sizes have dictated the extremely uniform
electric fields across the ESC achieved by the features
described above (e.g., RF bias feedpoint impedance adjust-
ment, process kit dielectric edge rings). However, the high
RF heat loads, dictated by some of the latest plasma etch
process recipes, cause temperature non-uniformities across
the wafer diameter (due to sensible heating of the thermal
transfer fluid within the ESC) that distort an otherwise
uniform etch rate distribution across the wafer. It has seemed
that this problem cannot be avoided without limiting the RF
power applied to the wafer. However, as etch rate uniformity
requirements become more stringent in the future, further
reduction in RF power limits to satisfy such requirements
will produce more anemic process results, which will ulti-
mately be unacceptable. Therefore, there is a need for a way
of extracting heat from the wafer under high RF heat load
conditions without introducing temperature non-uniformi-
ties across the ESC or across the wafer.
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SUMMARY OF THE INVENTION

[0007] A method of processing a workpiece in a plasma
reactor having an electrostatic chuck for supporting the
workpiece within a reactor chamber, the method including
circulating a coolant through a refrigeration loop that
includes an evaporator inside the electrostatic chuck, while
pressurizing a workpiece-to-chuck interface with a ther-
mally conductive gas, sensing conditions in the chamber
including temperature near the workpiece and simulating
heat flow through the electrostatic chuck in a thermal model
of the chuck based upon the conditions. The method further
includes obtaining the next scheduled change in RF heat
load on the workpiece and using the model to estimate a
change in thermal conditions of the coolant in the evaporator
that would hold the temperature nearly constant by com-
pensating for the next scheduled change in RF heat load, and
making the change in thermal conditions of the coolant in
the evaporator prior to the time of the next scheduled change
by a head start related to the thermal propagation delay
through the electrostatic chuck.

[0008] The method can further include holding the tem-
perature of the workpiece constant until the time of the next
scheduled change by making changes in the pressure of the
thermally conductive gas that counteract temperature
change in the chuck.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 illustrates a capacitively coupled plasma
reactor embodying features of the invention.

[0010] FIG. 2 is a schematic diagram of the RF bias power
feed circuit of the reactor of FIG. 1.

[0011] FIG. 3 is a top view corresponding to FIG. 2.

[0012] FIG. 4 is a detailed diagram of a coaxial feed
portion of the circuit of FIG. 2.

[0013] FIG. 5 illustrates a first dielectric ring process kit in
the reactor of FIG. 1.

[0014] FIG. 6 illustrates a second dielectric ring process
kit in the reactor of FIG. 1.

[0015] FIG. 7 illustrates a system including the reactor of
FIG. 1 embodying the invention.

[0016] FIG. 8 is a graph of the temperature as a function
of enthalpy of the coolant inside the evaporator of FIG. 7,
and further depicting the dome-shaped liquid-vapor phase
boundary.

[0017] FIG. 9 is a block flow diagram of a two-phase
constant temperature cooling process of the invention.

[0018] FIG. 10 depicts an exemplary wafer temperature-
time profile that may be realized using the invention.

[0019] FIGS. 11A and 11B are contemporary timing dia-
grams of the wafer temperature and wafer backside gas
pressure, respectively, in accordance with a process for
stepping the wafer temperature down in advance of a
corresponding ESC temperature change.

[0020] FIGS. 12A and 12B are contemporary timing dia-
grams of the wafer temperature and wafer backside gas
pressure, respectively, in accordance with a process for
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stepping the wafer temperature down after completion of a
corresponding ESC temperature change.

[0021] FIG. 13 illustrates a system similar to that of FIG.
7 but having multiple temperature control loops governing
respectively multiple temperature zones.

[0022] FIG. 14 illustrates an optical temperature sensor of
the invention as installed in the ESC of FIG. 7 or FIG. 13.

[0023] FIG. 15 illustrates an upper probe of the tempera-
ture sensor of FIG. 14.

[0024] FIG. 16 illustrates a lower probe of the temperature
sensor of FIG. 14.

[0025] FIG. 17 is an enlarged view of a portion of FIG. 14
showing how the upper and lower probes are joined together
within the ESC.

[0026] FIG. 18 is a graph of wafer temperature behavior
over time beginning at plasma ignition for three different
processes.

[0027] FIG. 19 is a diagram of a process of the invention
for controlling wafer temperature at and shortly after plasma
ignition.

[0028] FIG. 20 is a graph of wafer and ESC temperature

behaviors over time and a corresponding backside gas
pressure profile over time.

[0029] FIG. 21 is a diagram of a temperature ramping
control process of the invention.

[0030] FIGS. 22A and 22B illustrate wafer temperature
behavior over time in different modes of the process of FIG.
21.

[0031] FIGS. 23A and 23B are schematic block diagrams
of a wafer temperature ramping control system for carrying
out the process of FIG. 21.

[0032] FIG. 24 is a simplified schematic block diagram of
an ESC thermal model employed in carrying out certain
embodiments of the invention.

[0033] FIG. 25 is a graph depicting the propagation of a
temperature change through the ESC simulated by the
thermal model of FIG. 24.

[0034] FIG. 26 depicts a 3-dimensional surface corre-
sponding to a look-up table characterizing one layer of the
thermal model of FIG. 24.

[0035] FIG. 27 depicts plural 3-dimensional surfaces cor-
responding to look-up table characterizing the wafer-puck
interface for different backside gas pressures in the thermal
model of FIG. 24.

[0036] FIGS. 28A and 28B are block diagrams of a feed
forward process of the invention for accommodating sched-
uled RF heat load changes.

[0037] FIG. 29 is a graph depicting the propagation of
temperature change through the ESC in the process of FIGS.
28A and 28B.

[0038] FIGS. 30A, 30B and 30C depict wafer temperature
behavior in response to ESC temperature changes compen-
sating for an RF heat load change, in cases in which the
compensation is late, on time and early, respectively.
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[0039] FIGS. 31A, 31B and 31C constitute a flow diagram
of a feed forward process of the invention for effecting
scheduled temperature changes.

[0040] FIGS. 32A and 32B are contemporaneous time
diagrams of wafer temperature, ESC temperature (FIG. 32A
and backside gas pressure (FIG. 32B) in a first mode of the
feed forward process.

[0041] FIGS. 33A and 33B are time diagrams of wafer
temperature, ESC temperature (FIG. 33A) and backside gas
pressure (FIG. 33B) in a second mode of the feed forward
process.

[0042] FIGS. 34A and 34B are time diagrams of wafer
temperature, ESC temperature (FIG. 34A) and backside gas
pressure (FI1G. 34B) during operation of a look-ahead loop
of the feed forward process of FIGS. 31A-13C.

[0043] FIGS. 35A, 35B and 35C constitute a flow diagram
of a feed forward process corresponding to that of FIGS.
31A-31C, but adapted to compensated for scheduled
changes in RF heat load on the wafer.

[0044] FIG. 36 is a block diagram of a control system
capable of operating both the feed forward process of FIGS.
31A-C and 35A-C simultaneously.

DETAILED DESCRIPTION OF THE
INVENTION

[0045] Referring to FIG. 1, a plasma reactor includes a
reactor chamber 100 with a wafer support 105 at the bottom
of the,chamber supporting a semiconductor wafer 110. A
semiconductor ring 115 surrounds the wafer 110. The semi-
conductor ring 115 is supported on the grounded chamber
body 127 by a dielectric (quartz) ring 120. The chamber 100
is bounded at the top by a disc shaped overhead electrode
125 supported at a predetermined gap length above the
wafer 110 on grounded chamber body 127 by a dielectric
(quartz) seal 130. An RF generator 150 applies RF plasma
source power to the electrode 125. RF power from the
generator 150 is coupled through a coaxial cable 162
matched to the generator 150 and into a coaxial stub 135
connected to the electrode 125. The stub 135 has a charac-
teristic impedance, resonant frequency determined by its
length, and provides an impedance match between the
electrode 125 and the 50 Ohm coaxial cable 162 or the 50
Ohm output of the RF power generator 150. The chamber
body is connected to the RF return (RF ground) of the RF
generator 150. The RF path from the overhead electrode 125
to RF ground is affected by the capacitance of the semicon-
ductor ring 115, the dielectric ring 120 and the dielectric seal
130. The wafer support 105, the wafer 110 and the semi-
conductor ring 115 provide the primary RF return path for
RF power applied to the electrode 125.

[0046] A large impedance match space is realized when
the source power frequency, the plasma electrode resonance
frequency and the stub resonance frequency are nearly
matched. Preferably, three frequencies are slightly offset
from one another, with the source power frequency being
162 MHz (optimized for 300 mm wafers), the electrode-
plasma resonant frequency being slightly below 162 MHz,
and the stub resonance frequency being slightly above 162
MHz, in order to achieve a de-tuning effect which advan-
tageously reduces the system Q. Such a reduction in system
Q renders the reactor performance less susceptible to
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changes in conditions inside the chamber, so that the entire
process is much more stable and can be carried out over a far
wider process window.

[0047] The electrode capacitance is matched to the mag-
nitude of the negative capacitance of the plasma, and the
resulting electrode-plasma resonant frequency and the
source power frequency are at least nearly matched. For the
typical metal and dielectric etch process conditions (i.e.,
plasma density between 10°-10'2 ions/cc, a 2-inch gap and
an electrode diameter on the order of roughly 12 inches), the
match is possible if the source power frequency is a VHF
frequency.

[0048] An advantage of choosing the capacitance of the
electrode 125 in this manner, and then matching the resultant
electrode-plasma resonant frequency and the source power
frequency, is that resonance of the electrode and plasma near
the source power frequency provides a wider impedance
match and wider process window, and consequently much
greater immunity to changes in process conditions, and
therefore greater performance stability. Matching the stub
resonance frequency to the electrode plasma resonant fre-
quency minimizes reflections at the stub-electrode interface.
The entire processing system is rendered less sensitive to
variations in operating conditions, e.g., shifts in plasma
impedance, and therefore more reliable along with a greater
range of process applicability.

[0049] In accordance with a further aspect, the system Q
is reduced to broaden the process window by slightly
offsetting the stub resonant frequency, the electrode plasma
resonant frequency and the plasma source power frequency
from one another. The use of the higher VHF source power
frequency proportionately decreases the Q as well. Decreas-
ing system Q broadens the impedance match space of the
system, so that its performance is not as susceptible to
changes in plasma conditions or deviations from manufac-
turing tolerances.

Bias Circuit Tuning for Uniform Radial Plasma Distribu-
tion:

[0050] Continuing to refer to FIG. 1, the workpiece sup-
port cathode 105 includes a metal base layer 05 supporting
a lower insulation layer 10, an electrically conductive mesh
layer 15 overlying the lower insulation layer 10 and a thin
top insulation layer 20 covering the conductive mesh layer
15. The semiconductor workpiece or wafer 110 is placed on
top of the top insulation layer 20. RF bias power is coupled
to the conductive mesh layer 15 to control ion bombardment
energy at the surface of the wafer 110. The conductive mesh
15 also can be used for electrostatically chucking and
de-chucking the wafer. 110, and in such a case can be
connected to a chucking voltage source in the well-known
fashion. The conductive mesh 15 therefore is not necessarily
grounded and can have, alternately, a floating electric poten-
tial or a fixed D.C. potential in accordance with conventional
chucking and de-chucking operations. The metal base layer
05 typically (but not necessarily) is connected to ground, and
forms part of a return path for VHF power radiated by the
overhead electrode 125.

[0051] An RF bias generator 40 produces power in the HF
band (e.g., 13.56 MHz). Its RF bias impedance match
element 45 is coupled to the conductive mesh 15 by an
elongate conductor 25 (hereinafter referred to as an RF
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conductor) extending through the workpiece support cath-
ode 105. The RF conductor 25 is insulated from grounded
conductors such as the aluminum base layer 05. The RF
conductor 25 has a top termination or bias power feed point
25a in electrical contact with the conductive mesh 15.

[0052] FIG. 2 is a schematic illustration corresponding to
FIG. 1 of the circuit consisting of the VHF overhead
electrode 125, the RF bias applied through the workpiece
support cathode 105 and the elements of the cathode 105.
FIG. 3 is a top plan view corresponding to FIG. 1 of the
plane of the wafer 110, with the termination or feed point
25a of the RF conductor 25 being shown in hidden (dashed)
line. The RF return path provided by the workpiece support
cathode 105 consists of two portions in the plane of the
wafer 110, namely a radially inner portion 30 centered about
and extending outwardly from the feed point 254 and a
radially outer annular portion 35. The RF return paths
provided by the two portions 30, 35 are different, and
therefore the two portions 30, 35 present different imped-
ances to the VHF power radiated by the overhead electrode
125. Such differences may cause non-uniformities in radial
distribution across the wafer surface of impedance to the
VHF power, giving rise to nonuniform radial distribution of
plasma ion density near the surface of the workpiece.

[0053] In order to solve this problem, a dielectric cylin-
drical sleeve 50 (shown in the enlarged view of FIG. 2)
surrounds the RF conductor 25. The axial length and the
dielectric constant of the material constituting the sleeve 50
determine the feed point impedance presented by the RF
conductor 25 to the VHF power. In one example, the length
and dielectric constant of the sleeve 50 is selected to bring
the feed point impedance to nearly zero at the VHF source
power frequency (e.g., 162 MHz). The impedance presented
by the outer region 35 surrounding the feed point 254 is
nearly a short at 162 MHz (due mainly to the presence of the
conductive mesh 15). Therefore, in the latter example the
sleeve 50 may bring the feed point impedance at the source
power frequency to a value closer to that of the surrounding
region. Here, the impedance of the region surrounding the
feed point is determined mainly by the conductive mesh 15.
As a result, a more uniform radial distribution of impedance
is attained, for more uniform capacitive coupling of VHF
source power.

[0054] The sleeve 50 can include additional features facili-
tating the foregoing improvement in VHF power deposition
while simultaneously solving a separate problem, namely
improving the uniformity in the electric field created by the
RF bias power (at 13.56 MHz for example) applied to the
wafer 110 by the RF conductor 25. The problem is how to
adjust radial distribution of VHF power coupling for maxi-
mum uniformity of plasma ion density while simultaneously
adjusting the HF bias power electric field distribution across
the wafer surface for maximum uniformity.

[0055] FIG. 4 is an enlarged view corresponding to FIGS.
1-3 showing how the sleeve 50 can be divided into three
sections, namely a top section 52, a middle section 54 and
abottom section 56. The length and dielectric constant of the
sleeve top section 52 is selected and fixed to optimize the HF
bias power deposition exclusively, and the lengths and
dielectric constants of the remaining sleeve sections 54, 56
are then selected to optimize VHF source power deposition
by the overhead electrode while leaving the HF bias power
deposition optimized.
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RF Coupling Ring for Enhancing Plasma Uniformity:

[0056] Center-high plasma distribution non-uniformity is
reduced by selectively enhancing capacitive coupling from
the overhead electrode 125 to the plasma in the vicinity of
the workpiece periphery. FIG. 5 corresponds to an enlarged
view of FIG. 1 illustrating the additional feature of an
annular RF coupling ring that is placed over and in electrical
contact with the outer periphery of the wafer support cath-
ode 105. As shown in FIG. 5, the top insulation layer 20 is
surrounded by a removable ring 80 whose top surface 80a is
coplanar with the top surface of the wafer 110. The remov-
able ring 80 can be formed of a process-compatible material
such as silicon, for example. Optionally, removable metal
ground ring 85 surrounds the removable ring 80, its top
surface 85a being coplanar with that of the removable ring
80. A generally planar surface is provided across the top of
the wafer support cathode 105 bounded by the periphery of
the ground ring 85, facing the generally planar surface of the
bottom of the overhead electrode 125. As a result, capacitive
coupling across the entire processing zone bounded by the
overhead electrode 125 and the wafer support cathode 105
is generally uniform. In order to overcome non-uniformity
inherent in the center-high plasma ion density distribution of
the reactor, capacitive coupling by the overhead electrode
125 is enhanced near the outer portion of the workpiece 110
by placing an RF coupling ring 90 over the removable ring
80 and over grounded ring 85. The RF coupling ring 90 may
be a conductor, a semiconductor or a dielectric. If the
coupling ring 90 is a dielectric, then capacitive coupling to
the plasma near the wafer periphery is enhanced by the
presence of the dielectric material. If the RF coupling ring
90 is a conductor, it in effect narrows the electrode-to-
counterelectrode spacing and thereby enhances capacitance
near the peripheral region of the wafer 110. Thus, the
electrode-to-counterelectrode spacing is hi everywhere in
the process zone except at the periphery occupied by the RF
coupling ring 90 where the spacing is reduced from hl by
the height h2 of the coupling ring 90. The increased capaci-
tive coupling of source power enhances ion density at the
periphery. The increase in ion density extends inwardly from
the RF coupling ring 90 and extends over a peripheral
portion of the workpiece 110. Thus, the plasma ion density
over the workpiece 110 is less center high and may tend
toward being more nearly uniform, or possibly slightly
edge-high. This condition is optimized by a careful selection
of the height (thickness) h2 of the RF coupling ring 90.

[0057] FIG. 6 illustrates a modification of the reactor of
FIG. 5 in which a second RF coupling ceiling ring 95 is
attached to the periphery of the bottom surface of the
overhead electrode 125 and overlies the first RF coupling
ring 90. If each ring 90, 95 has a thickness (height) of h3,
then the electrode-to-counterelectrode distance near the
wafer periphery is reduced by twice h3 and the capacitance
in that region is enhanced proportionately, as in the reactor
of FIG. 5.

[0058] With the RF coupling ring 90 and the dielectric
sleeve 50, plasma ion density distribution uniformity is
improved. Any remaining non-uniformities can be corrected
by plasma-steering magnetic fields controlled by a plasma
distribution controller 57 (shown in FIG. 1) governing D.C.
current sources 58, 59 that drive overhead coils 60, 65.

[0059] Another modification that can be employed to
enhance plasma processing uniformity across the diameter



US 2007/0091541 Al

of the wafer 110 is to change the planar electrode surface
125a to a convex curved electrode surface 1255. The degree
of curvature can be selected to compensate for non-uniform
plasma ion density radial distribution that may exist with the
planar electrode surface 125a.

Highly Efficient Temperature Control Apparatus:

[0060] FIG. 7 is an enlarged view of the wafer support
pedestal 105 of FIG. 1, revealing the internal structure of the
pedestal 105. The pedestal 105 embodies an electrostatic
chuck (ESC), as described in FIG. 2, FI1G. 7 showing that the
aluminum base 5 contains flow passages 200 for a PCHT
medium with an inlet 201 and an outlet 202. The internal
flow passages 200 constitute the heat exchanger of a PCHT
loop, the heat exchanger 200 being internally contained with
the ESC base 5. The PCHT loop can operate in either of two
modes, namely a cooling mode (in which the heat exchanger
200 functions as an evaporator) and a heating mode (in
which the heat exchanger 200 functions as a condenser). The
remaining elements of the PCHT loop are external of the
ESC 105, and include (in order of PCHT medium flow
direction, starting from the outlet 202) an accumulator 204,
a compressor 206 (for pumping the PCHT medium through
the loop), and (for the cooling mode of operation) a con-
denser 208 and an expansion valve 210 having a variable
orifice size, all of which are of the type well-known in the
art. An advantage of locating the heat exchanger 200 inside
the ESC base 05 is that the delay and losses inherent in the
thermal transfer fluid of the prior art are eliminated. The
PCHT loop (i.e., the heat exchanger 200, the accumulator
204, the compressor 206, the condenser 208, the expansion
valve 210 and the conduits coupling them together, contain
the PCHT medium (which functions as a refrigerant or
coolant when the PCHT operates in the cooling mode) of a
conventional type and can have low electrical conductivity
to avoid interfering with the RF characteristics of the reactor.
The accumulator 204 prevents any liquid form of the PCHT
medium from reaching the compressor 206 by storing the
liquid. This liquid is converted to vapor by appropriately
operating the bypass valve 214.

[0061] In order to overcome the problem of thermal drift
during processing, the efficiency of the PCHT loop is
increased ten-fold or more by operating the PCHT loop 200,
204, 206, 208, 210 so that the PCHT medium inside the heat
exchanger is divided between a liquid phase and a vapor
phase. The liquid-to-vapor ratio at the inlet 201 is suffi-
ciently high to allow for a decrease in this ratio at the outlet
202. This guarantees that all (or nearly all) heat transfer
between the ESC base 05 and the PCHT medium (coolant)
within the heat exchanger (evaporator) 200 occurs through
contribution to the latent heat of evaporation of the PCHT
medium. As a result, the heat flow in the PCHT loop
exceeds, by a factor of 10, the heat flow in a single-phase
cooling cycle. This condition can be satisfied with a decrease
in the CPHT medium’s liquid-to-vapor ratio from the inlet
201 to the outlet 202 that is sufficiently limited so that at
least a very small amount of liquid remains at (or just before)
the outlet 202. In the cooling mode, this requires that the
coolant capacity of the PCHT loop is not exceeded by the RF
heat load on the wafer. One way of ensuring this is to
provide the PCHT loop with a maximum cooling capacity
that is about twice the maximum anticipated heat load on the
wafer. In one implementation of a reactor of the type
depicted in FIGS. 1-7, the maximum cooling rate of the
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PCHT loop was between about three and four times the
maximum anticipated heat load on the wafer. The heat load
on the wafer was about 30% of the applied RF power on the
wafer. The liquid-to-vapor ratio was between about 40% and
60% at the inlet 201 and about 10% at the outlet 202.

[0062] While the PCHT loop has been described with
reference primarily to the cooling mode of operation, it can
also be employed in a heating mode whenever it is desired
to raise the temperature of the ESC (e.g., at a faster rate than
plasma heating alone is capable of). For operation of the
PCHT loop in the heating mode, the condenser 206 and
expansion valve 210 are bypassed by at least some of the
PCHT medium by opening the bypass valve 212, so as to
allow superheated PCHT medium to flow to the heat
exchanger 200. In this case, the heat exchanger 200 func-
tions as a condenser rather than an evaporator. In this mode
(the heating mode), overheating of the compressor 206 may
be prevented by providing an additional bypass (not shown)
from the output of the condenser 206 to the input of the
compressor 208. In the heating mode, the liquid-to-vapor
ratio in the heat exchanger 200 may be zero.

[0063] FIG. 8 is a phase diagram depicting the enthalpy of
the PCHT medium inside the heat exchanger 200 as a
function of temperature. The temperature-enthalpy bound-
ary between the three phases (liquid, solid, vapor) is a
liquid-vapor dome 216 beneath which the PCHT medium
exists in both liquid and vapor phases. To the lower enthalpy
side of the dome 216, the PCHT medium is a sub-cooled
(100%) liquid phase while to the higher enthalpy side of the
dome 216 the PCHT medium is a superheated (100%) vapor.
At the apex of the dome is the triple point at which all three
phases of the PCHT medium are present simultaneously.
The controllable parameters of the PCHT loop of FIG. 7,
(i.e., the PCHT medium flow rate established by the com-
pressor 206, the orifice size of the expansion valve 210 and
the opening size of a bypass valve 212 that will be discussed
later herein) are selected by the skilled worker so that the
temperature and enthalpy of the PCHT medium inside the
heat exchanger 200 stays under or within the liquid-vapor
dome 216 of the phase diagram of FIG. 8. The pressure
inside the heat exchanger 200 is maintained at a constant
level provided that a constant ESC base temperature is
desired, so that there is theoretically no temperature change
as the coolant flows through the heat exchanger 200, as
indicated by the perfectly horizontal lines of constant pres-
sure 218a, 2185 of FIG. 8. (In actual practice, there is a
negligible temperature difference across the ESC inlet and
outlet 201, 202 of about 5 degrees C. or less under typical
operating conditions.) As the PCHT medium inside the
evaporator 200 absorbs heat from the ESC base 5, its
internal energy U increases, causing its enthalpy to increase
(where enthalpy is U+PV, P and V being pressure and
volume inside the evaporator 200). To satisfy the require-
ment for two-phase heat transfer through latent heat of
evaporation exclusively (or nearly exclusively) as defined
above, the PCHT medium’s enthalpy/temperature coordi-
nates must remain inside the liquid-vapor dome 216 of FIG.
8. Thus, for a constant pressure, the PCHT medium’s
temperature/enthalpy coordinates follow a line of constant
pressure (e.g., line 218a) entering the heat exchanger 200 at
a low enthalpy (labeled “inlet” in FIG. 8) and exiting at a
higher enthalpy (labeled “outlet” in FIG. 8), with the entry
and exit enthalpies lying inside or on the boundary of the
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liquid-vapor dome 216. FIG. 8 shows that a greater increase
in enthalpy (absorbed heat) is achieved at lower coolant
temperatures.

Solution to the Problem of Non-Uniform Temperatures
Across the ESC and Wafer:

[0064] Maintaining the PCHT medium (hereinafter
referred to as “coolant™) inside the evaporator 200 of FIG.
7 within the liquid-vapor dome of FIG. 8—to guarantee heat
extraction through the latent heat of vaporization almost
exclusively- solves the problem of non-uniform temperature
across the wafer under high RF heat loads. This is because
heat transfer via the latent heat of vaporization is a constant-
temperature process. In the cooling mode of the PCHT loop,
as it absorbs heat, the coolant inside the evaporator 200 does
not change temperature. Instead, it changes phase, going
from liquid to vapor. Thus, all the coolant throughout the
evaporator 200 (the fluid passages inside the ESC base 5) is
at a uniform temperature regardless of the magnitude of the
RF heat load on the wafer. The advantage is that the wafer
temperature distribution is about as uniform as the electric
field distribution across the ESC, so that the etch rate
uniformity achieved under the most favorable conditions by
the electrical features discussed earlier herein (e.g., the RF
bias feedpoint impedance adjustment by multiple dielectric
sleeves and the dielectric edge ring process kit) is main-
tained even under the highest RF heat loads, a result
heretofore unattainable. This result renders the reactor of
FIGS. 1-7 useful for plasma processing under the current
design rules (small feature sizes) and for several generations
of future design rules in which feature sizes may shrink even
further, a significant advantage. This advantage is combined
with the extremely high heat capacity of cooling through
latent heat of vaporization (discussed above), which pro-
vides about an order of magnitude greater heat flow rate than
conventional (sensible) heat transfer via the coolant mass
heat capacity.

[0065] Operation of the reactor of FIG. 7 in the foregoing
manner that results in heat transfer through the coolant’s
latent heat of vaporization corresponds to the method illus-
trated in FIG. 9. The first step in this method is to enhance
or optimize uniformity of radial distribution of the ESC
temperature by maintaining the coolant that is inside the
evaporator 200 within a range of temperatures and enthal-
pies at which the heat transfer is through contributions to (or
deductions from) the coolant’s latent heat of vaporization.
This step is depicted in block 300 of FIG. 9. The step of
block 300 may be carried out by limiting variation in the
orifice or opening size of the expansion valve 210 to a range
which confines the temperature and enthalpy of the coolant
in the evaporator 200 to lie inside the liquid-vapor dome 216
of the temperature-enthalpy diagram of FIG. 8 (block 302 of
FIG. 9). For a given coolant and for a given coolant flow
rate, the adjustment range of the expansion valve that
confines the coolant inside the liquid-vapor dome 216 of
FIG. 8 is readily determined and can be pre-programmed
into a microprocessor controlling the entire system, for
example. The step of block 300 may also be carried out by
adjusting the compressor-to-evaporator bypass flow valve
212 within a range in which the coolant inside the evaporator
200 is maintained inside the liquid-vapor dome 216 of FIG.
8 (block 304 of FIG. 9). The adjustment of the bypass valve
212 (in the step of block 304) and the adjustment of the
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expansion valve 210 (in the step of block 302) may be
combined to achieve the desired result.

[0066] Once heat transfer through the latent heat of vapor-
ization in the evaporator 200 has been established by the step
of'block 300, the next step is to control the ESC temperature
(block 306 of FIG. 9). This may be accomplished by
adjusting the expansion valve 210 within the range estab-
lished in the step of block 300 until a desired ESC tempera-
ture is reached (block 308 of FI1G. 9). Alternatively, the ESC
temperature may be controlled by adjusting the compressor-
to-evaporator bypass valve 212 within the range established
in the step of block 304. This latter step corresponds to block
310 of FIG. 9. Temperature control may also be carried out
by performing the steps of blocks 308 and 310 together.

WORKING EXAMPLE

[0067] While the variable orifice size of the expansion
valve 210 is the primary control over cooling rate and wafer
temperature, additional or alternative temperature control
and, if desired, heating of the wafer, is provided by a
compressor-to-evaporator bypass valve 212. Complete con-
version of all liquid coolant to the gas phase in the accu-
mulator 204 can be ensured using a compressor-to-accumu-
lator bypass valve 214.

[0068] While selection is readily made of a suitable cool-
ant, a flow rate by the compressor 206 and an orifice size of
the expansion valve that satisfies the foregoing conditions,
the following is provided as a working example in which
two-phase cooling is achieved:

[0069] ESC Inlet temperature: —-10 to +50 deg C.
[0070] ESC Inlet pressure: 160 to 200 PSIG
[0071] ESC Inlet liquid-vapor ratio: 40%-60% liquid

[0072] ESC Inlet-Outlet max temperature difference: 5
deg C.

[0073] ESC Inlet-Outlet max pressure difference: 10 PSI
[0074] ESC Outlet Liquid-vapor ratio: 10% liquid
[0075] Accumulator outlet temperature: 60 to 80 deg C.
[0076] Accumulator outlet pressure: 25 to 35 PSIG
[0077] Accumulator outlet liquid-vapor ratio: 100% vapor
[0078] Compressor flow rate: 4 gal per min

[0079] Compressor outlet pressure: 260-270 PSIG
[0080] Compressor outlet temperature: 80-100 deg C.
[0081] Compressor outlet liquid-vapor ratio: 100% vapor
[0082] Condenser outlet temperature: 20-40 deg C.
[0083] Condenser outlet pressure: 250 PSIG

[0084] Condenser liquid-vapor ratio: 100% vapor

[0085] Expansion valve outlet liquid-vapor ratio: 80%
[0086] Some evaporation occurs between the expansion

valve outlet and the ESC coolant inlet 201, which explains
the decrease in liquid-vapor ratio from 80% to 60% from the
expansion valve 210 to the ESC inlet 201. While it may be
preferable to constrain the thermal cycle within the liquid-
vapor dome 216 of FIG. 8 (as discussed above), the inven-
tion may be implemented with some excursion beyond that
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limit. In particular, the coolant’s liquid-vapor ratio may at
least nearly reach zero at the evaporator outlet 202, or may
reach zero just before the evaporator outlet 202, in which
case a small amount of sensible heating may occur. In such
a case, the vast majority of heat transfer still occurs through
the latent heat of vaporization, only a small fraction occur-
ring through sensible heating, so that the advantages of the
invention are realized nonetheless.

Large Range Temperature Feedback Control Loop:

[0087] Referring again to FIGS. 1 and 7, the wafer tem-
perature may be controlled or held at a desired temperature
under a given RF heat load on the wafer 110 using a
temperature feedback control loop governing either (or both)
the expansion valve 210 and the bypass valve 212, although
the simplest implementation controls the expansion valve
210 only. The actual temperature is sensed at a temperature
probe, which may be a temperature probe 220 in the ESC
insulating layer 10, a temperature probe 221 in the ESC base
05, a temperature probe 222 at the ESC evaporator inlet 201
or a temperature probe 223 at the ESC evaporator outlet 202
or a combination of any or all of these probes. For this
purpose, a feedback control loop processor 224 governs the
orifice opening size of the expansion valve 210 in response
to input or inputs from one or more of the temperature
probes. The processor 224 is furnished with a user-selected
desired temperature value, which may be stored in a memory
or user interface 225. As a simplified explanation, during
each successive processing cycle, the processor 224 com-
pares the current temperature measured by at least one of the
probes (e.g., by the probe 220 in the ESC insulating layer)
against the desired temperature value. The processor 224
then computes an error value as the difference between the
desired and measured temperature values, and determines
from the error a correction to the orifice size of either the
bypass valve 212 or the expansion valve 210, that is likely
to reduce the error. The processor 224 then causes the valve
orifice size to change in accordance with the correction. This
cycle is repeated during the entire duration of a wafer
process to control the wafer temperature.

Agile Wafer Temperature Feedback Control Loop:

[0088] In conventional reactors, the wafer is cooled to
avoid overheating from absorbed RF power by cooling the
electrostatic chuck or wafer support pedestal. Thermal con-
ductivity between the wafer 110 and the cooled ESC 105 is
enhanced by injection under pressure of a thermally con-
ductive gas (such as helium) into the interface between the
backside of the wafer 110 and the top surface of the ESC
105, a technique well-known in the art. For this purpose, gas
channels 226 are formed in the top surface of the ESC
insulating layer 20 and a pressurized helium supply 228 is
coupled to the internal ESC gas channels 226 through a
backside gas pressure valve 229. The wafer 110 is electro-
statically clamped down onto the top surface of the insulat-
ing layer 20 by a D.C. clamping voltage applied by a clamp
voltage source 128 to the grid electrode 15. The thermal
conductivity between the wafer 110 and the ESC top layer
20 is determined by the clamping voltage and by the
thermally conductive gas (helium) pressure on the wafer
backside. Highly agile (quick) wafer temperature control is
carried out in accordance with the present invention by
varying the backside gas pressure (by controlling the valve
229) so as to adjust the wafer temperature to the desired
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level. As the backside gas pressure is changed, the thermal
conductivity between the wafer and the ESC top layer 20 is
changed, which changes the balance between (a) the heat
absorbed by the wafer 110 from RF power applied to the grid
electrode 15 or coupled to the plasma and (b) the heat drawn
from the wafer to the cooled ESC. Changing this balance
necessarily changes the wafer temperature. A feedback con-
trol loop governing the backside gas pressure can therefore
be employed for agile or highly responsive control of the
wafer temperature. The response of the wafer temperature to
changes in the backside gas pressure is extremely quick
(temperature changes reaching equilibrium within a second
or less). By way of comparison, changing the temperature of
the base of the ESC or wafer support pedestal 105 does not
cause the wafer to reach a new (elevated or depressed)
equilibrium or steady state wafer temperature for on the
order of minute (depending upon the thermal mass of the
ESC 105). Therefore, a temperature regulation system
employing the backside gas pressure provides agile tem-
perature control capable of making fast adjustments to wafer
temperature.

[0089] FIG. 7 illustrates such an agile temperature feed-
back control system, in which a feedback control loop
processor 230 governs the backside gas pressure valve 229.
One (or more) of the temperature sensors 220, 221, 222 or
223 in the ESC may be connected to an input of the
processor 230. A user interface or memory 231 may provide
a user-selected or desired temperature to the processor 230.
During each successive processing cycle, the processor 230
computes an error signal as the difference between the
current temperature measurement (from one of the sensors
220, 221, 222) and the desired temperature. The processor
230 determines from that difference a correction to the
current setting of the backside gas pressure valve that would
tend to reduce the temperature error, and changes the valve
opening in accordance with that correction. For example, a
wafer temperature that is deviating above the desired tem-
perature would require increasing the backside gas pressure
to increase thermal conductivity to the cooled ESC and bring
down the wafer temperature. The converse is true in the case
of'a wafer temperature deviating below the desired tempera-
ture. The wafer temperature can thus be controlled and set to
new temperatures virtually instantly within a temperature
range whose lower limit corresponds to the chilled tempera-
ture of the ESC and whose upper limit is determined by the
RF heat load on the wafer. For example, the wafer tempera-
ture cannot be increased in the absence of an RF heat load
and the wafer temperature cannot be cooled below the
temperature of the ESC. If this temperature range is suffi-
cient, then any conventional technique may be used to
maintain the ESC at a desired chilled temperature to facili-
tate the agile temperature feedback control loop governing
the backside gas pressure.

Dual Temperature Feedback Control Loops:

[0090] The agile temperature feedback control loop gov-
erning the backside gas pressure valve 229 and the large
range temperature feedback control loop governing the
refrigeration expansion valve 210 may be operated simul-
taneously in a cooperative combination under the control of
a master processor 232 controlling both feedback control
loop processors 224, 230.

[0091] The large range temperature feedback control loop
(involving the PCHT loop consisting of the evaporator 200,
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the compressor 206, the condenser 208 and the expansion
valve 210) controls the workpiece temperature by changing
the temperature of the electrostatic chuck 105. The tempera-
ture range is limited only by the thermal capacity of the
PCHT loop and can therefore set the workpiece temperature
to any temperature within a very large range (e.g., -10 deg
C. to +150 deg C.). However, the rate at which it can effect
a desired change in workpiece temperature at a particular
moment is limited by the thermal mass of the electrostatic
chuck 105. This rate is so slow that, for example, with an
electrostatic chuck for supporting a 300 mm workpiece or
silicon wafer, a 10 degree C. change in workpiece tempera-
ture can require on the order of a minute or more from the
time the refrigeration unit begins to change the thermal
conditions of the coolant to meet the new temperature until
the workpiece temperature finally reaches the new tempera-
ture.

[0092] In contrast, in making a desired change or correc-
tion in workpiece temperature, the agile temperature feed-
back control loop does not change the electrostatic chuck
temperature (at least not directly) but merely changes the
thermal conductivity between the workpiece and the elec-
trostatic chuck. The rate at which the workpiece temperature
responds to such a change is extremely high because it is
limited only by the rate at which the backside gas pressure
can be changed and the thermal mass of the workpiece. The
backside gas pressure responds to movement of the valve
229 in a small fraction of a second in a typical system. For
a typical 300 mm silicon wafer, the thermal mass is so low
that the wafer (workpiece) temperature responds to changes
in the backside gas pressure within a matter of a few seconds
or a fraction of a second. Therefore, relative to the time scale
over which the large range temperature control loop effects
changes in workpiece temperature, the workpiece tempera-
ture response of agile feedback loop is comparatively instan-
taneous. However, the range over which the agile feedback
loop can change the workpiece temperature is quite limited:
the highest workpiece temperature that can be attained is
limited by the RF heat load on the wafer, while the lowest
temperature cannot be below the current temperature of the
electrostatic chuck 105. However, in combining the agile
and large range temperature control loops together, the
advantages of each one compensate for the limitations of the
other, because their combination provides a large workpiece
temperature range and a very fast response.

[0093] The master processor 232 may be programmed to
effect large temperature changes using the large range feed-
back control loop (the processor 224) and effect quick but
smaller temperature changes using the agile feedback con-
trol loop (the processor 230). FIG. 10 is a graph of one
example of wafer temperature behavior over time. The solid
line depicts the long term temperature behavior, in which the
master processor 232 effects slow large changes in wafer
temperature using the large range feedback control loop with
the processor 224. The dashed line depicts fast perturbations
in temperature, in which the master processor 232 effects
fast but small changes in wafer temperature using the agile
feedback control loop with the processor 230.

[0094] The dual loop control afforded by the master pro-
cessor 232 can be employed to (nearly) instantly move the
wafer temperature to a new desired level and hold it there
while the ESC temperature slowly changes to the new
desired temperature. This is illustrated in FIGS. 11A and
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11B. The solid line in FIG. 11A depicts the wafer tempera-
ture behavior over time in which the wafer temperature is
stepped down to a lower temperature at time t1 and held
there, at which time the PCHT loop (dashed line) begins to
cool down the ESC to the lower temperature, which is not
reached by the ESC until time t2. The fast change in wafer
temperature at time tl and its temperature stability thereafter
is accomplished by the agile control loop 230. The agile
control loop processor 230 receives the new (lower) desired
wafer temperature at time t1 and responds by immediately
increasing the backside gas pressure (FIG. 11B) to step the
wafer temperature down to the new temperature at time t1.
In the meantime, the ESC temperature begins to fall in order
to drive the ESC to (or slightly below) the new temperature
at time t1, so that processor 224 increases the refrigeration
cooling rate of the ESC to drive its temperature down. This
forces the agile control loop processor 230 to decrease
backside gas pressure after time t1 to maintain the desired
wafer temperature, until the ESC reaches the correct tem-
perature at time t2, after which the backside gas pressure
remains constant.

[0095] The example of FIGS. 12A and 12B illustrates how
the ESC temperature change may be delayed while the
PCHT loop is allowed to slowly adjust to a new temperature
(to accommodate a time lag to the ESC surface of about 50
degrees over 5 seconds). FIG. 12A depicts temperature
behavior over time while FIG. 12B depicts the correspond-
ing backside gas pressure profile over time. As illustrated in
FIGS. 12A and 12B, the dual loop control afforded by the
master processor 232 can be employed to temporarily hold
the wafer temperature constant (solid line of FIG. 12A) at an
initial temperature level while, beginning at time tl, the
PCHT loop takes the ESC through a large but slow tem-
perature excursion (dashed line of FIG. 12A). Then, the
wafer temperature is allowed to step down to the new ESC
temperature. This is accomplished by cooling the ESC while
constantly decreasing the backside gas pressure beginning at
time t1. Then, after the desired ESC temperature is reached
at time t2, the agile temperature control loop steps up the
backside gas pressure to step the wafer temperature down to
the ESC temperature.

Multiple Temperature Zones:
1. Large Range Temperature Control Loop:

[0096] The ESC 105 may be divided into plural radial
zones, and different independent feedback control loops may
separately control the temperature in each zone. An advan-
tage of this feature is that different radial zones of the wafer
110 may be kept at different temperatures during processing
so as to further reduce process or etch rate distribution
non-uniformities. In the example of FIG. 13, the ESC 105 is
divided into two temperature control zones, namely a radi-
ally inner zone 234 and a radially outer zone 236, and a
separate temperature control apparatus is provided for each
zone 234, 236. In some embodiments having such plural
radial zones, it may be preferable to divide the ESC con-
ductive mesh or electrode 15 into plural radial zones (such
as concentric inner and outer zones 15a, 155, for example).

[0097] The radially inner zone 234 of the aluminum base
05 contains inner zone coolant flow passages 200a with a
coolant inlet 201a and a coolant outlet 202a. The inner zone
coolant flow passages 200a constitute the inner zone evapo-
rator of an inner zone PCHT loop, the evaporator 200a being
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internally contained with the inner zone 234 of the ESC base
05. The remaining elements of the inner zone PCHT loop are
external of the ESC 105, and include (in order of coolant
flow direction, starting from the coolant outlet 202a) an
accumulator 204a, a compressor 206a, a condenser 208a
and an expansion valve 210a having a variable orifice size,
all of which are of the type well-known in the art. The
radially outer zone 236 of the aluminum base 05 contains
outer zone coolant flow passages 2005 with a coolant inlet
2015 and a coolant outlet 2025. The outer zone coolant flow
passages 2005 constitute the outer zone evaporator of an
outer zone PCHT loop, the evaporator 2005 being internally
contained with the outer zone 236 of the ESC base 05. The
remaining elements of the outer zone PCHT loop are exter-
nal of the ESC 105, and include (in order of coolant flow
direction, starting from the coolant outlet 2025) an accumu-
lator 2045, a compressor 2065, a condenser 2085 and an
expansion valve 2105 having a variable orifice size, all of
which are of the type well-known in the art. Temperature in
the inner zone 234 is sensed at one or more of the following
inner zone temperature probes: probe 220a in the inner zone
234 of the ESC insulating layer 10, probe 221a in the inner
zone of the ESC base 05, probe 222a at the inner zone
evaporator inlet 201a or probe 223a at the inner zone
evaporator outlet 202a.

[0098] An inner zone feedback control loop processor
224a governs the orifice opening size of the inner zone
expansion valve 210a in response to input or inputs from one
or more of the inner zone temperature probes. The inner
zone processor 224a is furnished with a user-selected
desired inner zone temperature value, which may be stored
in a memory or user interface 225a. During each successive
processing cycle, the inner zone processor 224a compares
the current temperature measured by at least one of the
probes (e.g., the probe 220a in the ESC insulating layer)
against the desired temperature value and corrects the orifice
size of the inner zone expansion valve 210a accordingly. An
outer zone feedback control loop processor 2245 governs the
orifice opening size of the outer zone expansion valve 2105
in response to input or inputs from one or more of the outer
zone temperature probes. The outer zone processor 224b is
furnished with a user-selected desired outer zone tempera-
ture value, which may be stored in a memory or user
interface 2255. During each successive processing cycle, the
outer zone processor 2245 compares the current temperature
measured by at least one of the probes (e.g., the outer zone
probe 2205 in the ESC insulating layer) against the desired
temperature value and corrects the orifice size of the outer
zone expansion valve 2105 accordingly.

2. Agile Temperature Feedback Control Loop:

[0099] In both temperature zones 234 and 236, thermal
conductivity between the wafer 110 and the cooled ESC 105
is enhanced by injection under pressure of a thermally
conductive gas (such as helium) into the interface between
the backside of the wafer 110 and the top surface of the ESC
105, a technique well-known in the art. In the inner tem-
perature zone 234, inner zone gas channels 226a are formed
in inner zone 234 of the top surface of the ESC insulating
layer 20 and a pressurized helium supply 228a is coupled to
the inner zone gas channels 2264 through an inner zone
backside gas pressure valve 229a. The wafer 110 is elec-
trostatically clamped down onto the top surface of the
insulating layer 20 by a D.C. clamping voltage applied by a
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clamp voltage source 128 to the grid electrode 15 (i.e., 15a
and 154). The thermal conductivity between the wafer 110
and the ESC top layer 20 is determined by the clamping
voltage and by the thermally conductive gas (helium) pres-
sure on the wafer backside. Highly agile (quick) wafer
temperature control is carried out in the inner temperature
zone 234 by controlling the inner zone valve 229a so as to
adjust the wafer temperature to the desired level. An inner
zone agile feedback control loop processor 230a governs the
inner zone backside gas pressure valve 229a. One (or more)
of the inner zone temperature sensors 220a, 221a, 222a or
223a in the ESC inner zone 234 may be connected to an
input of the inner zone agile processor 230a. An inner zone
user interface or memory 231a may provide a user-selected
or desired temperature to the inner zone agile processor
230a. During each successive processing cycle, the proces-
sor 230a senses an error as the difference between the
current temperature measurement (from one of the inner
zone sensors 220a, 221a, 2224) and the desired temperature,
and changes the opening of the inner zone backside gas
valve 2294 accordingly.

[0100] In the outer temperature zone 236, outer zone gas
channels 2265 are formed in outer zone 236 of the top
surface of the ESC insulating layer 20 and the pressurized
helium supply 2285 is coupled to the outer zone gas chan-
nels 2265 through an outer zone backside gas pressure valve
229bH. Highly agile (quick) wafer temperature control is
carried out in the outer temperature zone 236 by controlling
the outer zone valve 2295 so as to adjust the wafer tem-
perature to the desired level. An outer zone agile feedback
control loop processor 2305 governs the outer zone backside
gas pressure valve 2295. One (or more) of the outer zone
temperature sensors 2205, 2215, 22256 or 22354 in the ESC
outer zone 236 may be connected to an input of the outer
zone agile processor 2305. An outer zone user interface or
memory 2315 may provide a user-selected or desired tem-
perature to the inner zone agile processor 2305. During each
successive processing cycle, the processor 2305 senses an
error as the difference between the current temperature
measurement (from one of the outer zone sensors 2205,
221b, 222b) and the desired temperature, and changes the
opening of the outer zone backside gas valve 22956 accord-

ingly.

[0101] With the combination of the agile and large range
inner and outer feedback control loops described above with
reference to FIG. 13, the radial profile of the wafer tem-
perature may be controlled over a large range with agile
response.

Temperature Probe with Minimal or No RF Parasitics:

[0102] FIG. 14 depicts a preferred temperature probe 238
installed in the plasma reactor of FIG. 1. The probe 238
consists of two separable portions, namely an upper probe
239 installed in the ESC 105 and a lower probe 240 installed
in a portion of the reactor chamber beneath and supporting
the ESC 105, namely a chamber host base 241. The upper
probe 239 is depicted in the enlarged view of FIG. 15, and
lies in an area of high RF electric potential (i.e., inside the
ESC insulating layer or puck 10, 20). The upper probe 239
is firmly inserted in an elongate axial hole within the ESC
105 that closely fits the upper probe 239, and the tip of the
upper probe 239 lies very close (e.g., within 3 to 3.5 mm) to
the top surface of the puck 20. (The advantage is that the
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probe 239 is sufficiently close to the wafer 110 to minimize
or eliminate temperature measurement errors.) This area of
the ESC has very high electric field potential during pro-
cessing so that any electrical properties that the upper probe
239 may have would have profound effects on plasma
processing on the wafer. The upper probe 239 therefore
includes RF compatibility features which minimize or elimi-
nate any effect that the probe 239 might otherwise have on
the electric field or on the RF impedance distribution. Such
RF compatibility features ensure that the probe 239 does not
distort or perturb the ESC electric field or RF impedance
distribution that has been so carefully adjusted with the
features of the feedpoint impedance adjustment of FIGS. 2-4
and/or the dielectric ring process kit of FIGS. 5-6 (for
example). The RF compatibility features of the upper probe
239 include a complete absence of any conductive materials
within the probe 239, an orientation of the probe in the axial
direction (to minimize its effect on the radial electric field or
RF impedance distribution) and its small diameter, which is
on the order of a fraction of a Debeye length of the plasma
in the chamber. These features are made possible by employ-
ing an electrically nonconductive optical temperature trans-
ducer 242 (e.g., a phosphor material) whose blackbody
radiation spectrum is a well-known function of its tempera-
ture. The optical temperature transducer 242 is coupled to a
long thin optical fiber 243 contained within the thin axial
upper probe 239. The upper probe 239 further includes an
opaque cylindrical dielectric sleeve 244 surrounding the
optical fiber 243 and preferably consisting of glass-impreg-
nated plastic. The optical temperature transducer 242 is
capped by a dielectric cap 245 of a material that is, prefer-
ably, identical to the dielectric material of the ESC puck 10,
20, which in the preferred embodiment is aluminum nitride.
This latter feature ensures that the temperature behavior of
the material contacting the optical temperature transducer
242 (i.e., the cap 245) is identical to the material whose
temperature is to be measured (i.e., the ESC puck layer 20
that is in direct contact with the wafer 110).

[0103] The upper probe 239 further includes a mounting
plate 246 that is removably fastened to the bottom surface of
the ESC base 05. The mounting plate 246 supports a spring
housing 247 containing a coil spring 248 compressed
between a shoulder 245 of the housing 247 and an annular
ring 249 fastened to a portion of the probe sleeve 244 lying
within the housing 247. As the upper probe 239 is inserted
into the ESC 105 and presses against the top end of the hole
within the ESC, the coil spring 248 is compressed to force
the tip of the probe 239 to self-align to the top end of the
hole.

[0104] The lower probe 240 is shown in the enlarged view
of FIG. 16 and includes an optical fiber 250 surrounded by
an opaque lower cylindrical sleeve 251. Since the lower
probe 240 is below the grounded conductive ESC base 05,
it is located outside of areas of high RF electric fields, and
therefore need not be formed of non-conductive materials. In
fact, the lower cylindrical sleeve 251 may be formed of steel,
for example. The top end 252 of the lower probe 240 is
tightly received within a hole 253 in the mounting plate 246
of'the upper probe 239. The lower probe 240 further includes
a mounting plate 254 that is removably fastened to the
bottom surface of the chamber housing host base 241. The
mounting plate 254 supports a spring housing 255 contain-
ing a coil spring 256 compressed between a shoulder 257 of
the housing 255 and an annular ring 258 fastened to a
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portion of the lower probe sleeve 251 lying within the
housing 255. As the tip 252 of the lower probe 240 is
inserted into the hole 253 of the upper probe mounting plate
246 and pressed against the top end of the hole 253, the coil
spring 256 is compressed to force the tip of the lower probe
240 to self-align to the top end of the hole 253. The resulting
self-alignment of the lower probe 240 against the upper
probe 239 is illustrated in FIG. 17, which shows that the
facing ends of the upper probe optical fiber 243 and the
lower probe optical fiber 250 are in nearly perfect alignment.
Signal conditioning circuitry converts the light received
from the optical fiber at the bottom end of the lower probe
fiber 250 and converts it to a digital signal for use by one of
the feedback control loop processors. While FIG. 14 depicts
a single temperature probe whose tip lies near the top of the
ESC 105, another identical probe may be placed in a lower
portion of the ESC but at the same radial location as first
probe. Other identical probes may be placed at different
radial (azimuthal) locations within the ESC but in the same
height (axial location) as other probes. Thus, the temperature
probes 220a, 2205 of the different temperature zones 234,
236 of FIG. 13 may each be of the type described above in
FIGS. 13-16 and are located at different radial locations at
a common axial height.

[0105] While certain embodiments of the invention have
been described as including different feedback control loop
processors, any or all such processors may be implemented
in a single common processor programmed to perform the
functions of each of the individual feedback control loop
processors. Similarly, other resources associated with the
different control loops, such as the dual helium supplies
228a, 228b, may be implemented with a single supply or
resource with separately controlled interfaces (e.g., such as
a single helium supply and dual pressure control valves
229a, 229b). Moreover, if (for example) the conductive
mesh electrode 15 is divided into inner and outer electrodes
15a, 155 as suggested earlier in this specification, then a
common RF bias power source may be employed to apply
different levels of RF bias power to the inner and outer mesh
electrodes 15a, 15b. Alternatively, separate RF bias power
generators may be employed to realize the separate RF bias
power levels.

Workpiece Temperature Ramping Using Backside Gas Pres-
sure:

[0106] As discussed above in this specification, the large
range temperature control loop controls workpiece tempera-
ture by regulating the temperature of the electrostatic chuck
105. It therefore has a slow response attributable to the
thermal mass of the electrostatic chuck. Another problem
with a conventional electrostatic chuck cooling system is
that its efficiency is too limited to avoid upward temperature
drift after the wafer temperature has reached the desired
level. This leads to workpiece temperature drift during initial
processing, which is most pronounced when processing the
“first” wafer after the reactor has been idle. This problem is
illustrated by the curve labeled 260 in the graph of FIG. 18
depicting a typical wafer temperature response over time
when plasma power is turned on at time t0. Initially the
wafer temperature and the ESC temperature are below the
desired temperature, and the thermal mass of the cooled
electrostatic chuck 105 slows down the reaction of the wafer
temperature to the RF heat load on the wafer. This delays the
wafer temperature from reaching the desired temperature
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from time t0 until time tb. This delay is typically on the order
of tens of seconds or a minute or more. After that, the
conventional electrostatic chuck cooling apparatus has such
limited heat transfer efficiency that it cannot compensate for
the accumulation of heat from the RF heat load on the wafer,
so that the wafer temperature continues to increase or drift
above the desired temperature after time tb. Such uncon-
trolled changes in temperature degrade control of the plasma
process.

[0107] The problem of the temperature drift after time tb
(corresponding to the curve 260 of FIG. 18) is solved by the
superior efficiency of the two-phase refrigeration loop of
FIG. 7. As discussed above in this specification, the two
phase refrigeration loop achieves improved response by
locating its evaporator 200 inside the electrostatic chuck
105. Its efficiency is further improved by an order of
magnitude by carrying out heat transfer in the evaporator
200 primarily through latent heat of vaporization. This
improved efficiency enables the refrigeration loop to stop the
wafer temperature from increasing after the desired tem-
perature has been reached. This improved wafer temperature
behavior is depicted by the curve of 262 of FIG. 18, in which
the wafer temperature levels off after reaching the desired
temperature at time t2, and has little or no drift thereafter.
This solution nevertheless leaves a significant delay (from
time t0 to time t2) in the wafer temperature reaching the
desired level.

[0108] The problem of the delay in bringing the wafer
temperature to the desired temperature (i.e., from time t0 to
time t2) is solved by employing the agile feedback control
loop processor 230. When RF power is first turned on and
the wafer temperature is below the desired temperature (at
time t0), the valve 229 is servoed so as to reduce (or turn off)
the backside gas pressure in order to decrease wafer-to-
chuck conductance and thus reduce the cooling effect and
thermal mass of the electrostatic chuck 105 on the wafer
110. This allows the wafer 110 to be quickly heated by the
RF heat load with little or no opposition from the cooled
chuck 105, producing a steep rise in temperature beginning
at time 10, as indicated by the curve labeled 264 of FIG. 18.
As the curve labeled 264 of FIG. 18 shows, the wafer
temperature reaches the desired temperature at time ta, the
time delay from time t0 to time ta being extremely short,
e.g., on the order of only several seconds or a fraction of a
second.

[0109] As the wafer reaches the desired temperature, the
agile control loop processor 230 must increase the backside
gas pressure (by controlling the valve 229) in order to
increase the cooling effect of the electrostatic chuck 105 so
that the rapid increase in wafer heating beginning at time t0
does not overshoot the desired temperature. In order to
counteract temperature drift, the backside gas pressure can
be continually increased to maintain the desired wafer
temperature. All these adjustments in backside gas pressure
must be carried out accurately and timely. In order to
accomplish this, a preferred embodiment of the present
invention includes a thermal model of the electrostatic chuck
105 that simulates heat transfer through the various layers of
the electrostatic chuck between under given conditions. This
feature predicts the optimum backside gas pressure to attain
and hold the desired wafer temperature in view of the
prevailing conditions. FIG. 19 depicts one cycle of a control
process employing a thermal model. An example of the
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thermal model which will be described subsequently in this
specification. The master processor 232 can be programmed
to interactively repeat the cycle of FIG. 19 to carry out the
control process.

[0110] Referring to FIG. 19, the cycle begins with input-
ting the current process conditions into the thermal model
(block 270). These conditions may include the RF heat load
on the wafer (which may be expressed as a predetermined
fraction of the total applied RF power), the electrostatic
chuck temperature at or near the evaporator 200, the elec-
trostatic chuck wafer clamping D.C. voltage, and the back-
side gas pressure. The next step (block 271) is to obtain from
the thermal model a prediction of the final or steady state
temperature Tt of the wafer produced under the current
process condition (i.e., the temperature reached at time tb of
FIG. 18). For example, to do this the thermal model may
generate a function T(zt) defining the evolution over time t
of the distribution of the temperature T along the axial
direction z through the electrostatic chuck 105. As one
possible option, if Tf is not the desired temperature, the
initial conditions may be modified and the foregoing steps
repeated until the thermal model yields a satisfactory pre-
diction of Tf. Then, the thermal model is used to find a
backside gas pressure (i.e., a setting of the valve 229) that
would immediately advance the wafer temperature to the
predicted steady state temperature Tt (block 272 of FIG. 19).
This may be accomplished by varying the value of the
backside gas pressure inputted to the model and monitoring
the change in predicted steady state wafer temperature until
the desired temperature is predicted, indicating that an
optimum backside gas pressure value has been found. The
backside gas pressure is then set to the optimum value thus
identified (block 273). If steady state has been reached
(block 274), the process is stopped. Otherwise, the time
index is incremented (block 275) and the process cycles
back to the step of block 272.

[0111] FIG. 20 is a graph depicting the temperature behav-
ior over time of the wafer 110 (curve labeled 276), the top
surface or puck layer 20 of the electrostatic chuck 105 (curve
labeled 277), the bottom or base 5 of the electrostatic chuck
105 (curve labeled 278). In addition, the curve labeled 279
depicts the behavior over the same time scale of the backside
gas pressure required to achieve the wafer temperature step
behavior of curve 276. For the sake of comparison, the curve
labeled 280 depicts the problematic temperature behavior of
the wafer in the absence of any change in backside gas
pressure, in which the wafer temperature initially reaches the
desired process temperature very slowly during a significant
portion of the wafer process. Curve 279 of FIG. 20 depicts
the initial steep drop in backside gas pressure at the time of
plasma ignition that provides the simultaneous steep rise in
wafer temperature, and the slow increase thereafter in back-
side gas pressure to compensate for the rising temperature of
the electrostatic chuck 105 corresponding to curve 277. In
obtaining the data represented by FIG. 20, the following
process conditions existed: 100 Watts of plasma RF (VHF)
source power was applied to the overhead ceiling electrode,
4000 Watts of plasma RF (HF) bias power was applied to the
ESC, the chamber pressure was 15 Torr, the ESC wafer
clamping D.C. voltage was 400 Volts, the ESC evaporator
temperature was 40 deg. C., the coolant flow rate was 3.75
gallons per minute over the first 500 seconds.
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[0112] FIG. 21 illustrates how backside gas pressure
ramping (by the agile control loop processor 230) may
control wafer temperature during the entire wafer process. It
can do this to maintain the wafer temperature at a constant
desired temperature or, alternatively, to accurately follow a
rapidly changing wafer temperature profile that may be
specified in the user’s process recipe. In the process of FIG.
21, the first step is to define a desired wafer temperature
profile of the desired time evolution of the wafer tempera-
ture (block 282 of FIG. 21). The desired temperature for the
current time is determined from the profile (block 283a) and
input to the thermal model (block 2834). The current process
conditions are also input to the thermal model (block 284),
such as wafer backside gas pressure, current wafer tempera-
ture, RF heat load on the wafer, ESC base temperature and
electrostatic wafer clamping force, for example. The thermal
model is then used (block 2854) to obtain a correction to the
wafer backside gas pressure that would move the current
wafer temperature to the current desired temperature value
obtained from the user-defined profile. This correction is
then made to the wafer backside gas pressure (block 2855).
The value of the current time is incremented to the next
sample time or processor cycle time, and the process cycles
back (block 287) to the step of block 283a.

[0113] While the backside gas pressure can be used with
the thermal model in the manner depicted in FIG. 21 to
control wafer temperature, it is limited to a narrow tempera-
ture range defined by a low temperature that is no lower than
the ESC evaporator temperature and a high temperature that
is limited by the RF heat load on the wafer. Therefore, if the
user-specified temperature profile requires changes exceed-
ing this range, then the large range (refrigeration) tempera-
ture control loop is be used in conjunction with the agile
control loop processor 230. For this purpose the following
steps are carried out contemporaneously with the steps of
block 285a and 285b6: The thermal model is used (block
286a) to obtain a correction to the ESC evaporator (or base)
temperature that would move the current wafer temperature
to the current desired temperature value obtained from the
user-defined profile. This correction is then made to the
refrigeration loop, e.g., by adjusting the expansion valve 210
(block 2865).

Dual Loop Temperature Control Using the Thermal Model:

[0114] By performing the steps of blocks 285a, 2855 and
286a, 2865 of FIG. 21 contemporaneously, the respective
advantages of the two control loops (the large range control
loop governed by the processor 224 and the agile control
loop governed by the processor 230) are automatically
selected for maximum effect depending upon the tempera-
ture change to be made. Thus, if the next desired temperature
change is a very large temperature change that is beyond the
capability of the agile control loop, then the effect of the
large range temperature control loop will dominate. Simi-
larly, if the next desired temperature range is a very quick
temperature change that is too fast for the large range
temperature control loop 229, 230, then the large tempera-
ture control loop cannot even respond, while the agile
temperature control loop 229, 230 effects the needed tem-
perature change.

[0115] This concept is depicted in the example of FIGS.
22A and 22B. FIG. 22A illustrates an example of a tem-
perature-time profile required by a process recipe. It includes
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a number slow very large rise in temperature from tempera-
ture T1 to temperature T2 that is punctuated by a series of
sharp steps between Ta and Tb. At the peak (T3), the
temperature change is along an arc having a negative rate of
change followed by another arc (around temperature T4)
having a positive rate of change. The temperature scale of
FIG. 22A is such that the agile control processor 230, using
backside gas pressure as in steps 285a, 28556 of FIG. 21, is
incapable of making the change from T1 to T2, and therefore
this large change is made by the large range control proces-
sor 224 in steps 286a, 2865. However, the time scale of FIG.
21 is such that the large range control processor 224 is
incapable of effecting the sharp steps between Ta and Tb.
The small deviation represented by these sharp steps is made
by the agile control processor 230 in the steps of 285a, 2855,
whose small changes are superimposed upon the long-term
temperature rise from T1 to T2 made by the large range
control processor 224. Similarly, the sharp arc paths of the
temperature profile around T3 and T4 cannot be emulated by
the slow moving large range temperature control loop. The
agile temperature control loop processor 230 provides the
fine response (in steps 285a, 2855 of FIG. 21) required to
emulate such arcuate paths in the temperature profile. In
doing so, the time resolution of the agile temperature control
processor 230, corresponding to the time period of a single
process cycle, can create a staircase effect in tracing the
arcuate paths of the desired temperature profile of FIG. 22A
if these changes occur over a small time period, as indicated
in the corresponding portions of FIG. 22B having a staircase
appearance. In general, then, small fine changes or correc-
tions effected by the agile control processor 230 in carrying
out the steps of blocks 2854, 2855 of FIG. 21 are superim-
posed upon the long term large temperature changes made
by the large range temperature control processor 224 in
carrying out the steps of blocks 286a, 2865 of FIG. 21.

[0116] FIGS. 23A and 23B (hereinafter referred to collec-
tively as FIG. 23) depict a modification of the apparatus of
FIG. 7 capable of performing the process of FIG. 21. In FIG.
23, a thermal model 288 of the type referred to above is
accessible to the apparatus of FIG. 7, and specifically is
accessed by any one or all of the following processors: the
master control processor 232, the large range feedback
control loop processor 224 and the agile feedback control
loop processor 230. If both the agile and large range control
loop processors 230, 224 are to access the thermal model
288, then the agile and large range control loop processors
230, 224 preferably access the thermal model 288 through
the master processor 232 so that the master processor 232
can perform any arbitration that may be necessary. Inputs
corresponding to the current process conditions are received
at an input 289 of the thermal model. Based upon these
inputs, the thermal model 288 generates a time-evolving
spatial temperature distribution, T(z,t) that may be exploited
to predict steady state temperatures or searched for tempera-
ture control settings that could result in achieving a desired
temperature, for example.

[0117] If the processor 230 is performing the process of
FIG. 19, then it makes a request at a model input 261 for the
model 288 to obtain, from T(zt), the steady state wafer
temperature that is reached some time after plasma ignition,
and this steady state temperature is defined as the target
temperature. On the other hand, if the processor 230 is
performing the process of FIG. 21, then the desired tem-
perature for the current time according to the user profile
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(e.g., of FIG. 22) is applied to the model input 261. In either
case, the processor 230 obtains from an output 263 of the
thermal model 288 a correction to the backside gas pressure
that will move the wafer temperature closer to the desired
temperature. A corresponding command to the pressure
valve 229 is transmitted at an output 265 of the processor
230.

[0118] FIG. 24 is a simplified schematic block diagram of
one possible embodiment of the thermal model 288. The
model is divided into layers corresponding to the thermal
path between the wafer 110 and the evaporator 200. Layer
290 represents the heat load on the wafer and is specified as
a heat flow rate. This heat flow rate is a function of the RF
power applied to the reactor and can be readily determined
by the skilled worker. Subsequent layers are represented as
thermal resistances and heat capacitances. The thermal resis-
tance is a function of the dimensions of the layer and its
thermal resistivity or conductivity. The heat capacitance is a
function of the layer’s specific heat, density and dimensions.
Layer 291 represents the wafer 110 as a thermal resistance
291a and a thermal capacitance 291b. Layer 292 represents
the interface between the wafer 110 and the top surface of
the ESC puck 20 as a variable thermal resistance 2924 (that
change with the backside gas pressure) and a heat capaci-
tance 2925. Layer 293 represents the ESC puck 10, 20 as a
puck thermal resistance 293a and heat capacitance 2935.
Layer 294 represents the bond or interface between the puck
10 and the ESC base 5 as a thermal resistance 294q and a
heat capacitance 2945b. Layer 295 represents the ESC base 5
as a base thermal resistance 295a and a base heat capaci-
tance 295b. Optionally the model 288 can represent the
cooling action of the internal evaporator 200 as a heat sink
296 which is specified by a heat flow rate. This heat flow rate
may be determined from the setting of the expansion valve
210 based upon a look-up table that has been previously
constructed by the skilled worker from measurement data.

[0119] The thermal model 288 must be furnished with the
essential initial conditions in order to simulate heat flow
through the ESC 105. For this purpose, input 289 of the
model 288 receives the following inputs, which, in one
example, may be supplied by the control processor 230: the
backside gas pressure (from the setting of the valve 229), the
initial temperature of the ESC base 5, the initial temperature
of'the wafer 110 or puck 20, the power of the heat source 290
representing the wafer RF heat load, and (optionally) the
cooling rate (power) of the heat sink 296.

[0120] The thermal model 288 can then be queried (e.g.,
by the processor 230) for specific information, such as the
temperature at the wafer 110 as a function of time to
determine or predict a steady state temperature after plasma
ignition (for example). This corresponds to the step of block
271 of FIG. 19. Or, the thermal model 288 may be searched
for the best backside gas pressure (or setting of the valve
229) that ramps the wafer temperature to a desired value.
This latter feature corresponds to the step of block 272 of
FIG. 19 and/or to the step of block 286 of FIG. 21.

[0121] Alternatively, in a robust version of the thermal
model 288, the model 288 may produce a spatial distribution
T(Z) of the temperature along the Z-axis (i.e., along the
stack if layers 291 through 295) for each discrete processor
sample time, t, within a selected time window. This collec-
tion of spatial temperature distributions corresponds to a
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time-dependent spatial temperature distribution T(Z,t). Its
time evolution is depicted qualitatively in FIG. 25, showing
the progress over time of a high temperature zone located at
the wafer upon plasma ignition and propagating steadily
over time toward the ESC base 5. The thermal model can
produce different temperature distributions T(Z,t) for differ-
ent hypothetical backside gas pressure values. Using such
robust information, either the thermal model 288 or the
control processor 230 can search different distributions
T(Z,t) obtained for different backside gas pressure settings
for the ideal backside gas pressure setting that provides the
desired steady state temperature at the wafer (or other
specified location).

[0122] The model of FIG. 24 has been described with
reference to a lumped element technique employing heat
transfer equations in which the thermal characteristics of
each layer is inferred from the layer’s dimensions and
thermal properties. However, the thermal response may be
characterized from a set of look-up tables empirically con-
structed from prior measurement data that define the layer’s
response (e.g., the temperature difference across the layer) as
a function of both time and heat flow rate. Such a look-up
table represents a three dimensional surface depicted in FI1G.
26 lying in a space defined by three orthogonal axes corre-
sponding to heat flow rate, time and temperature difference
across the layer. Each layer may be thus characterized by
one (or more) look-up tables or surfaces of the type depicted
in FIG. 26. However, layers whose thermal response can be
varied by a user-controllable external parameter, such as the
wafer-ESC interface layer 292 whose thermal resistance is
controlled by the backside gas pressure, are more complex.
Specifically, each possible setting of the external parameter
generates a different look-up table or surface of the type
illustrated in FIG. 26. As illustrated in FIG. 27, two surfaces
or look-up tables represent the temperature behavior for two
of many possible settings of the backside gas pressure by the
valve 229. Many such look-up tables would represent the
thermal behavior for a range of backside pressure values.
The skilled worker can readily generate such look-up tables
for a particular reactor design from measurement data.

[0123] Referring again to FIG. 23, the thermal model 288
of FIG. 24 may be used with the multiple temperature zone
reactor of FIG. 13 having multiple temperature zones in
independent backside gas pressure control is maintained and
independent coolant evaporators are provide with indepen-
dent sets of temperature sensors in each zone, as described
above in this specification. If the thermal model 288 of FIG.
24 is combined with the multi-zone reactor of FIG. 13, then
the model 288 can consist of plural thermal models 288-1,
288-2, etc., that simulate the different thermal behavior of
the respective plural temperature zones of the electrostatic
chuck 105. Each respective model is employed by the agile
and large range feedback temperature control processors of
each temperature zone in the manner described above for the
single temperature zone reactor of FIG. 7. Thus, the pro-
cesses of FIGS. 19 and 21 are carried out for each tempera-
ture zone of FIG. 13 individually and independently, the
process in each zone using the corresponding one of the
thermal models 288-1, 288-2, etc.

Feed Forward Temperature Control to Compensate for
Scheduled RF Heat Load Changes:

[0124] Some plasma process recipes may require chang-
ing the RF heat load on the wafer to achieve different
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process effects at different steps in the process, without
changing the wafer temperature. The problem is that the
thermal mass of the electrostatic chuck imposes a large (e.g.,
1 to 2 minute) delay between a change in the cooling
system’s temperature or cooling rate and the consequent
effect on wafer temperature. Thus, the large range tempera-
ture control loop (using the evaporator 200) has such a slow
response that it cannot compensate for sudden changes in the
RF heat load on the wafer without permitting a significant
drift in wafer temperature before regaining stability. On the
other hand, depending upon the initial RF heat load and ESC
base temperature, agile temperature control through the
backside gas pressure valve 229 (e.g., the agile temperature
control loop) might not be able to compensate for large
changes in RF heat load on the wafer. Specifically, if either
the ESC base temperature is too high or initial RF heat load
is too great, controlling only the backside gas pressure valve
229 (“agile temperature control”) may not be sufficient to
compensate for a sudden large increase in RF heat load.
Conversely, if either ESC base temperature is too low or the
initial RF heat load is insufficient, then agile temperature
control may not be sufficient to compensate for a sudden
large decrease in RF heat load.

[0125] These problems are solved in accordance with one
aspect of the invention by analyzing (in the thermal model
288) the magnitude and time of the next scheduled change
in RF head load. The thermal model 288 yields a correction
in ESC base temperature which is most likely to compensate
for the RF heat load change and maintain constant wafer
temperature. The thermal model predicts the amount of time
it takes for this temperature correction to propagate through
the ESC 105 and reach the wafer 110. The temperature
controller 228 implements the recommended change in ESC
base temperature sufficiently early (based upon the predicted
propagation time) so that the temperature shift in the ESC
base reaches the wafer at the time of the scheduled change
in RF power level/RF heat load.

[0126] This feed forward feature is illustrated in FIGS.
28A and 28B (hereinafter referred to collectively as FIG. 28)
and can be carried out, for the most part, by the large range
control loop and its processor 230. Initially, the thermal
model 288 is furnished with the current process conditions,
such as the RF power (RF wafer heat load), wafer tempera-
ture, ESC base temperature, backside gas pressure, and the
like (block 300 of FIG. 28). If the current plasma processing
recipe calls for a change in RF power level to be made at
some later time, then the magnitude and time of this RF
power change is input to the thermal model 288 (block 301
of FIG. 28). The thermal model 288 then simulates the
effects on wafer temperature of this planned change in RF
power. The thermal model 288 is searched for a change in
ESC base temperature that would precisely compensate for
the planned change in RF power level. This is accomplished
by changing (at the input 289 to the thermal model 288) the
ESC base temperature and observing the changing effect on
the wafer temperature behavior simulated by the model 288.
The ESC base temperature change that best compensates for
the change in RF heat load is selected (block 302 of FIG.
28). Also, the thermal model 288 can compute or indicate the
transit time required for the temperature change at the ESC
base 5 to reach the wafer 110 (block 303 of FIG. 28). The
compensating change in ESC base temperature is then made
in advance of the time of the planned change in RF power
by a lead time equal to the base-to-wafer transit time of the
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compensating base temperature change (block 304 of FIG.
28). (This advance in timing may be included in the simu-
lation of the step of block 302.) In order to guard against
wafer temperature drift during the period in which the
compensating change in ESC base temperature propagates
from the ESC base 5 to the wafer 110, the agile temperature
control loop 229, 230 maintains a constant wafer tempera-
ture (block 305 of FIG. 28). If, for example, the compen-
sating base temperature change causes a premature drop in
ESC puck temperature prior to the planned change in RF
power level, then the backside gas pressure would be
automatically decreased by the agile temperature control
processor 230 to decrease heat conductance from the wafer
and thereby hold the wafer temperature constant during this
period.

[0127] Because the compensating ESC base temperature
correction is performed in the step of block 304 well before
the planned RF power level change by a lead time corre-
sponding to the base-to-wafer transit time, there is an
opportunity for the large range temperature control proces-
sor 230 to monitor the propagation of the compensating
temperature shift and to make a number of fine corrections
to the base temperature change. Therefore, performance is
improved by carrying out an iterative correction cycle
illustrated in FIG. 28B. This correction cycle can include
simultaneously monitoring plural temperature sensors peri-
odically placed in axial alignment along the Z-axis inside the
ESC 105, such as the temperature sensors 220, 221 of FIG.
7 (although more than two axially aligned periodically
spaced sensors may be employed in this step). From such
multiple contemporaneous measurements, an instantaneous
temperature profile T(Z) may be deduced (block 306 of FIG.
28B). This instantaneous temperature distribution is input to
the thermal model 288 (block 307 of FIG. 28B). Using the
instantaneous temperature distribution of the step of block
307 as the updated “initial” condition, the thermal model
288 generates a new updated version of the time-evolving
temperature profile T(Z,t). From this, the thermal model 288
can predict the behavior of the wafer temperature around the
time (tc) of the scheduled RF power level change (block 309
of FIG. 28A). Using these results, the predicted wafer
temperature (or its average) at time tc is compared (block
310 of FIG. 28B) with the initial wafer temperature to
determine whether the corrective action taken earlier will
cause an overcorrection or an undercorrection in the wafer
temperature at or shortly after time tc. If an undercorrection
is predicted (block 311) then the large temperature control
loop decreases the compensating temperature change at the
ESC base 5, and if an overcorrection is predicted (block 312)
then the compensating temperature change is increased.
Thereafter the time is incremented by one cycle time (block
313). If the time has reached tc, the time for the scheduled
change in RF power (YES branch of block 314), then the
feed forward process is halted and normal temperature
control of the wafer is resumed (block 315). Otherwise (NO
branch of block 314), the process cycles back to the step of
block 306.

[0128] FIG. 29 is a graph depicting the time evolution of
the spatial temperature distribution in which the feed for-
ward feature of FIGS. 28A and 28B responds to a planned
step up in applied RF power at a future time tc by reducing
the ESC base temperature at time t0. At successive times (t1,
12, t3, etc.), the step down in temperature propagates toward
the wafer plane in the direction of the Z axis. The maximum
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temperature depression reaches the wafer plane at time tc, so
that there is no overcorrection or undercorrection in this
idealized example. The contemporaneous time plots of
FIGS. 30A through 30C depict the effects of overcorrection
and undercorrection. FIG. 30A depicts applied RF power as
a function time, in which a step-up in power occurs at time
tc. FIG. 30B depicts wafer temperature behavior over time,
in which the corrective step-down in ESC base temperature
is undertaken too late or with insufficient temperature
change. In either case, the wafer temperature begins to climb
above the desired temperature at time tc and begins to return
toward the desired level only after making a significant
deviation. FIG. 30C depicts wafer temperature behavior
over time, in which the corrective step-down in ESC base
temperature is undertaken too earlier or with an excessive
temperature change. In such a case, the wafer temperature
begins to fall at time tc, and begins to return toward the
desired level only after making a significant deviation. In the
ideal case, the wafer temperature remains constant before,
during and after the RF power step-up at time tc.

Feed Forward Control for Temperature Profiling:

[0129] Some plasma process recipes may require chang-
ing the wafer temperature during plasma processing to
achieve different process effects at different steps in the
process. With such changes, the process recipe may (or may
not) leave the RF heat load on the wafer unchanged. The
problem is that the thermal mass of the electrostatic chuck
imposes a large (e.g., 1 to 2 minute) delay between a change
in the cooling system’s temperature or cooling rate and the
consequent effect on wafer temperature. Thus, the large
range temperature control loop (using the evaporator 200)
has such a slow response that it may not be able to make
sudden wafer temperature changes required by the process
recipe. On the other hand, depending upon the initial RF heat
load and ESC base temperature, the agile temperature con-
trol loop 229, 230 might not be able to make extremely large
changes in wafer temperature that may be required by the
process recipe. Specifically, if either the ESC base tempera-
ture is too high or initial RF heat load is too great, the agile
control loop 229, 230 may not be able to carry out a large
decrease in wafer temperature required by the process
recipe. Conversely, if either ESC base temperature is too low
or the initial RF heat load is insufficient, then the agile
control loop 229, 230 may not be able to carry out a large
increase in wafer temperature required by the process recipe.

[0130] These problems are solved in accordance with one
aspect of the invention by analyzing (in the thermal model
288) the magnitude and time of the next scheduled change
in wafer temperature called for by the process recipe. If the
temperature change is beyond the capability of the agile
temperature control loop 229, 230 (the backside gas pressure
control), then the large range control loop 224, 210 (the
refrigeration control) is employed to effect the desired
temperature change. In this case, the thermal model 288
yields an ESC base temperature change which is most likely
to effect the desired wafer temperature change. The thermal
model predicts the amount of time it takes for this tempera-
ture correction to propagate through the ESC 105 and reach
the wafer 110. The temperature controller 224 implements
the recommended change in ESC base temperature suffi-
ciently early (based upon the predicted propagation time) so
that the temperature shift in the ESC base reaches the wafer
at the time of the scheduled change in wafer temperature.
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Just before this, the agile temperature control loop 229, 230
(using backside gas pressure)) maintains the wafer tempera-
ture constant until the scheduled time of wafer temperature
change.

[0131] However, if the agile temperature control 229, 230
(backside gas pressure) is capable by itself of making the
desired wafer temperature change, then the agile control
loop 229, 230 is called upon to perform the change at the
scheduled time, in which case the large range control loop
224, 210 can leave the ESC temperature constant or change
it in preparation for a later wafer temperature change.

[0132] This feed forward feature is illustrated in the block
flow diagram of FIGS. 31A, 31B and 31C (hereinafter
referred to collectively as FIG. 31) and can be carried out by
the master processor 232 of FIG. 7 using the thermal model
of FIGS. 24-26. Initially, a time value t0 is set to the process
start time (block 320 of FIG. 31). As the plasma processing
of the wafer begins and the initial process recipe parameters
(chamber pressure, source and bias power, wafer tempera-
ture, etc.) are established in the reactor, the process recipe is
inspected to find the next scheduled change in wafer tem-
perature and its scheduled time, t1 (block 322 of FIG. 31).
A determination is made whether the agile temperature
control loop 229, 230 is capable of effecting the planned
wafer temperature change (block 324). This determination
can entail determining whether the RF heat load on the wafer
is sufficiently high if the change is a temperature increase
(block 324a), or determining whether the ESC temperature
is sufficiently low if the change is a temperature decrease
(block 3245). If the planned temperature change is beyond
the present capability of the agile temperature control loop
229, 230 (NO branch of block 324a or 3245), then the large
range temperature control loop 224, 210 is used. First, the
thermal model 288 is queried to find a change in ESC base
temperature that would most likely create the desired change
in wafer temperature (block 326). This change is made (by
servoing the expansion valve 210) beginning at time suffi-
cient for the desired temperature change to propagate
through the ESC 105 and reach the wafer by the scheduled
time t1 (block 328). Meanwhile, until time tl, the agile
temperature control loop 229, 230 is commanded to main-
tain the wafer temperature at the initial temperature (block
330). To do this, the agile temperature control processor 230
servoes the backside gas pressure valve 229 (to change the
thermal conductance through the wafer-ESC interface) so as
to compensate for changes in the ESC temperature. Then, at
time t1, the agile control loop processor 230 is commanded
to allow the wafer temperature to follow the change in ESC
temperature so as to effect the desired wafer temperature
change (block 332). The present time is advanced beyond
time t1 (block 334) and the process cycles back to the step
of block 322.

[0133] Returning now to the step of block 324, if the agile
temperature control loop 229, 230 is found to be capable of
making the desired wafer temperature change (YES branch
of'block 324a or 3245), then the process proceeds to the step
of block 336, in which the agile temperature control pro-
cessor 230 is commanded to wait until time t1 and then make
the desired wafer temperature change (by servoing the
backside gas pressure valve 229). However, prior to time tl,
a look-ahead step (block 338) is performed whose main
purpose is to ensure timely preparation of the ESC tempera-
ture for a very large scheduled swing in wafer temperature,
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in order to allow for thermal propagation delay through the
ESC 105. This step minimizes (or eliminates) the possibility
that a scheduled large swing in wafer temperature requiring
a corresponding change in ESC temperature is not addressed
in time to allow for thermal propagation delay from the ESC
evaporator 200 to the wafer 110. In the look-ahead step of
block 338 of FIG. 31B, the process recipe is scanned beyond
time t1 to find the next change in wafer temperature and its
scheduled time of occurrence t2. A determination is made
whether the agile temperature control loop 22, 230 is
capable of making this next change. This determination can
entail determining whether the RF heat load on the wafer is
sufficiently high if the change is a temperature increase
(block 338a), or determining whether the ESC temperature
is sufficiently low if the change is a temperature decrease
(block 3385b). If it is determined that the agile temperature
control loop 229, 230 is capable of making the desired wafer
temperature change (YES branch of block 3384 or 3385),
then the change is effected by servoing the backside gas
pressure valve 229 to effect the desired temperature change
(block 339). The present time is advanced beyond t1 (block
340) and the process cycles back to the step of block 322. If,
however, it is determined that the agile temperature control
loop 22, 230 is not capable of making the desired wafer
temperature change (NO branch of block 338), then the ESC
temperature must be changed by the large range temperature
control loop 228, 210, 200, etc., to effect the desired
temperature change. For this purpose, the thermal model 288
is used to determine a change in ESC base temperature that
will produce the desired change in wafer temperature (block
342) and this change is performed by servoing the expansion
valve 210 either at the present time or at a later time which
is, nevertheless, sufficiently early to allow for the thermal
propagation delay through the ESC 105 (block 344) to effect
the needed change by the scheduled time t2. During the
interim, the agile temperature control processor 230 is
commanded to regulate the wafer temperature (block 346 of
FIG. 31C) as follows: From the present time until time t1,
the backside gas pressure is varied as necessary to hold the
wafer temperature constant against any changes in ESC
temperature (block 346a). At time tl, the backside gas
pressure is stepped to make the wafer temperature changed
scheduled in the process recipe for time t1 (block 3465).
From time t1 and until time t2, the backside gas pressure is
varied to compensate for changes in ESC temperature and
hold the wafer temperature constant at the new temperature
(block 346¢). At time t2, the agile temperature control
processor 230 stops its efforts to hold the wafer temperature
constant and allows (by increasing the backside gas pressure
to increase thermal conductance) the new ESC temperature
to drive the wafer temperature in accordance with change
scheduled for time t2 (block 3464). Then, the present time
is advanced past time t2 (block 348) and the process cycles
back to the step of block 322. The process continues in this
manner until completion of the process recipe.

[0134] In the process of FIG. 31, with each successive
temperature change specified in the process recipe, the step
of block 324 determines whether the agile temperature
control loop 229, 230 (using backside gas pressure changes)
alone is capable of making the desired wafer temperature
change, as discussed above. If the answer is always “yes” (at
least over a number of successive temperature changes),
then the ESC base temperature can be relegated to a constant
role and the only changes made are successive changes in
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the backside gas pressure valve 229. This corresponds to the
case of the process of FIG. 31 taking the YES branch of
blocks 324a or 3245 over successive iterations. The result is
illustrated in FIGS. 32A and 32B in which the ESC base
temperature remains at a constant level indicated by the
dashed line of FIG. 32A (e.g., by leaving the expansion
valve 210 of FIG. 7 at a constant setting) while the backside
gas pressure (FIG. 32B) is servoed to follow successive
changes in the wafer temperature specified by the process
recipe. The corresponding wafer temperature behavior (solid
line of FIG. 32A) appears as an inverse of the backside gas
pressure behavior (FIG. 32B), in the general case in which
the ESC acts as a heat sink for the RF heat load on the wafer.
(There is a special but rare case in which the required wafer
temperature is so high—or the RF heat load is so low—that
the ESC 105 is employed as a heat source.) FIGS. 32A and
32B therefore correspond to a simple mode of the invention
in which the ESC base temperature is held at a constant level
while the wafer backside gas pressure is varied as required
by the process recipe. This mode may be implemented with
any cooling device coupled to the ESC 105, such as the
constant temperature refrigeration loop of FIG. 7 of the
present invention or (alternatively) a conventional prior art
refrigeration apparatus.

[0135] FIGS. 33A and 33B illustrate base and wafer
temperature behavior and backside gas pressure profile for
the case in which the step of 324 finds that the agile control
loop 229, 230 is not capable of making the required change
in wafer temperature. In this case, the large range control
loop 228, 210, 200, etc., begins to change the ESC base
temperature prior to the scheduled time of change in the step
of block 328. This causes the ESC base temperature to
change (i.e., drop, in the case of an up-coming temperature
change that is a decrease in wafer temperature), as illustrated
in dashed line in FIG. 33A. At the same time, in the step of
block 330 the agile control loop 229, 230 holds the wafer
temperature constant until the scheduled time of change
(solid line of FIG. 33A). This is done by offsetting the ESC
base temperature change with a corresponding change
(decrease) in backside gas pressure, as illustrated in FIG.
33B. At the time of change, the backside gas pressure is
stepped up to enable the wafer to follow the latest change in
ESC temperature.

[0136] FIGS. 34A and 34B depict the operation of the
look-ahead loop of blocks 338-346 of FIG. 31. At time t0,
the step of block 338 discovers that, even though the agile
temperature control loop can make the next wafer tempera-
ture change (scheduled for time t1), it is incapable of making
the subsequent change scheduled for time t2. Therefore, the
decision is made to use the large range temperature control
loop 224, 210, 200, etc. of FIG. 7, to effect the desired wafer
temperature change. Moreover, in this example, it is discov-
ered that the required change in ESC base temperature must
begin immediately in order for its full effect to reach the
wafer by time t2. Therefore, the required change in position
of the expansion valve 210 is made at time t0, so that the
ESC temperature begins to change (e.g., decrease, in this
example), as indicated by the dashed line of FIG. 34A. FIG.
34A shows that the ESC temperature (as measured near the
wafer) reaches the required level just before time t2, and
therefore is held at that new temperature thereafter. How-
ever, from time t0 to time t1, the backside gas pressure (FIG.
34B) decreases in order to hold the wafer temperature
constant, in accordance with the step 346a of FIG. 31. At
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time t1 the backside gas pressure is stepped to a different
level to achieve the wafer temperature change scheduled for
time tl, in accordance with the step of block 3464 of FIG.
31. From time t1 to time t2, the wafer temperature is held at
this new level by varying the backside gas pressure to offset
the effect at the wafer of the changing ESC temperature, in
accordance with the step of block 346¢ of FIG. 31. Finally,
at time t2, the backside gas pressure is restored to a high
thermal conductance level to permit the new ESC tempera-
ture to bring about the change in wafer temperature sched-
uled for time t2.

Feed Forward Temperature Control to Compensate for
Scheduled RF Heat Load Changes Using Both Agile and
Large Range Temperature Control Loops:

[0137] While the feed forward process of FIG. 31 is
described as carrying out scheduled changes in wafer tem-
perature, it may be modified to counteract scheduled
changes in RF heat load on the wafer. Such a process is
illustrated in FIGS. 35A, 35B and 35C, which will now be
described. The first step, block 420, defines present time t0
as process start time. The next step, block 422, determines
from the temperature profile of the process recipe an upcom-
ing change in RF heat load on the wafer its scheduled time
of occurrence (time t1). In the step of block 424, it is
determined whether the agile control loop 229, 230 is
capable of counteracting the RF heat load change to keep
wafer temperature constant. To do this, the following deter-
minations may be made: whether the change is an increase
in RF heat load, is the present ESC base temperature
sufficiently low (block 424a); whether the change is a
decrease in RF heat load, is the present RF heat load
sufficiently high or will the changed RF heat load be
sufficiently high (block 424b).

[0138] Ifit is found that the agile temperature loop is not
capable of meeting the change in RF heat load (NO branch
of blocks 424a or 4245b), then the large range temperature
control loop 224, 210, 200, etc. controlling the ESC tem-
perature must be used instead. Therefore, the next step
(block 426) is to determine from the thermal model 288 the
change in ESC base temperature required to counteract the
change in RF heat load and keep the wafer temperature
constant. This change in ESC base temperature is then
performed (by controlling the refrigeration loop expansion
valve 210) in time for the temperature change to reach the
wafer by or before time t1, the scheduled time of occurrence
(block 428). In the meanwhile, until time tl, the agile
temperature control loop 229, 230 is used to hold the wafer
at its present temperature against changes in ESC tempera-
ture (block 430).

[0139] At time t1, the scheduled time of the RF heat load
change, the agile temperature control loop processor 230
allows the changed ESC temperature to counteract the RF
heat load change (block 432). The time index (present time)
is then advanced beyond time t1 (block 434) and the process
loops back to the step of block 422.

[0140] If the step of block 424 determines that the agile
control loop 229, 230 is capable of meeting the change in RF
heat load (YES branch of blocks 438a or 438b), then later,
at time tl, the agile temperature control loop 229, 230
changes the backside gas pressure to meet the change in RF
heat load (block 436). Meanwhile, prior to time t1, the
process looks ahead (in the RF power time profile of the
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process recipe) to the next (e.g., second) scheduled change
in RF heat load and its scheduled time of occurrence (time
12) and determines whether the agile control loop 229, 230
is capable of counteracting this next RF heat load change
(block 438). This determination is carried out in much the
same manner as the step of block 424. If the determination
is positive (YES branch of block 438), then no action is
taken, and time is advanced beyond the current time t1
(block 440) and the process loops back to the step of block
422.

[0141] Otherwise, if it is found that the agile control loop
229, 230 cannot meet the change in RF heat load scheduled
for time 12 (NO branch of block 438), then the large range
temperature control loop controlling ESC temperature must
be used instead. Therefore, in the next step, the thermal
model 288 is used to determine the change in ESC base
temperature required to counteract the next RF heat load
change (i.e., the change scheduled for time t2) to hold the
wafer temperature constant (block 442). This change in ESC
base temperature is then performed by the large range
control loop 224, 210, 200 in time for the temperature
change to reach the wafer by or before the scheduled time
(time t2) of next change in wafer temperature (block 444).
During this time the agile temperature control loop 229, 230
regulates the wafer temperature against the changing ESC
temperature (block 446). It does this as follows: hold the
wafer temperature constant until time t1 (i.e., mask changes
in ESC temperature with changes in backside gas pressure)
(block 446a); at time t1, compensate for the RF heat load
change scheduled for time t1 (i.e., step the backside gas
pressure to a new level) (block 4465); hold the wafer
temperature constant after time tl1 and until time t2 (i.e.,
mask changes in ESC temperature with changes in backside
gas pressure) (block 446¢); at time t2, allow the change in
ESC temperature to counteract the RF heat load change
scheduled for time t2 (i.e., increase the wafer-ESC thermal
conductance by increasing the backside gas pressure) (block
446d). Thereafter, the present time index is advanced
beyond time t2 (block 448) and the process loops back to the
step of block 422.

Simultaneous Control of Scheduled Changes in RF Heat
Load and Wafer Temperature:

[0142] In some applications, it may be necessary to
accommodate, simultaneously, a certain wafer temperature
profile over time specified by the process recipe (such as the
complex profile of the solid line of FIG. 32A) and a complex
RF power (or wafer heat load) profile over time that may
vary in a manner completely different from the temperature
profile. In other words, a complex wafer temperature time
profile may have to be implemented while accommodating
scheduled swings in RF heat load on the wafer. This can be
achieved by operating the RF heat load feed forward loop of
FIGS. 28A-B and the temperature profile feed forward loop
of FIG. 31 together, using the master processor to arbitrate
or superimpose different control commands from the two
feed forward loops addressed to the large range control loop
processor 224 (governing the expansion valve 210 of FIG.
7) as well as different control commands from the two feed
forward loops addressed to the agile control loop processor
230 (governing the backside gas pressure valve 229 of FIG.
7). Such a combination is depicted in FIG. 36 discussed
below.
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[0143] In FIG. 36, the two feed forward processes (of
FIGS. 28 and 31) are implemented simultaneously based
upon temperature measurements from the reactor forwarded
through the master processor 232. In FIG. 36, the RF heat
load feed forward process 350 (corresponding to FIG. 28) is
furnished with the schedule 351 of changes in RF power or
heat load specified by the process recipe. The temperature
profile feed forward process 352 (corresponding to FIG. 31)
is furnished with the schedule 353 of wafer temperature
changes specified by the process recipe. This produces
simultaneous commands for adjustments to the refrigeration
loop expansion valve 210 and simultaneous commands for
adjustments to the backside gas pressure valve 229. The
master processor 232 combines these simultaneous com-
mands and forwards them to the expansion valve 210 and the
backside gas pressure valve 229 through the large range
control processor 224 and the agile control processor 230
respectively.

[0144] While the invention has been described in detail by
specific reference to preferred embodiments, it is understood
that variations and modifications thereof may be made
without departing from the true spirit and scope of the
invention.

What is claimed is:

1. A method of processing a workpiece in a plasma reactor
having an electrostatic chuck for supporting the workpiece
within a reactor chamber, comprising:

circulating a coolant through a refrigeration loop that
includes an evaporator inside said electrostatic chuck,
while pressurizing a workpiece-to-chuck interface with
a thermally conductive gas;

sensing conditions in said chamber including temperature
near said workpiece;

simulating heat flow through said electrostatic chuck in a
thermal model of said chuck based upon said condi-
tions;

obtaining the next scheduled change in RF heat load on
said workpiece and using said model to estimate a
change in thermal conditions of the coolant in said
evaporator that would hold said temperature nearly
constant by compensating for said next scheduled
change in RF heat load;

making said change in thermal conditions of the coolant
in said evaporator prior to the time of said next sched-
uled change by a head start related to the thermal
propagation delay through said electrostatic chuck.

2. The method of claim 1 further comprising holding the
temperature of said workpiece constant until the time of said
next scheduled change by making changes in the pressure of
said thermally conductive gas that counteract temperature
change in the chuck.

3. The method of claim 2 further comprising increasing
uniformity of temperature distribution across said chuck by
maintaining both liquid and vapor phases of said coolant
inside said evaporator to promote heat exchange through
latent heat of vaporization.

4. The method of claim 3 further comprising:

adjusting RF feedpoint impedance at an RF feedpoint at
which an RF generator is coupled to an electrode of
said electrostatic chuck.
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5. The method of claim 4 wherein the step of adjusting RF
feedpoint impedance comprises:

enclosing portions of an an RF conductor to said feed-
point in respective dielectric sleeves of selected dielec-
tric constants and axial lengths.

6. The method of claim 5 further comprising:

adjusting electrical field distribution at a peripheral edge

of said workpiece support.

7. The method of claim 6 wherein the step of adjusting
electrical field distribution comprises providing an insula-
tive ring at a peripheral edge of said workpiece support
having a dielectric constant and thickness.

8. A method of processing a workpiece held on an
electrostatic chuck in a plasma reactor chamber, comprising:

circulating a coolant through a refrigeration loop that
includes an evaporator inside said electrostatic chuck,
while pressurizing a workpiece-to-chuck interface with
a thermally conductive gas;

obtaining a scheduled change in one of (a) workpiece RF
heat load, (b) desired workpiece temperature;

if a change in pressure of the thermally conductive gas
would suffice to (a) maintain or (b) establish a desired
workpiece temperature in the face of said change, using
a thermal model of said electrostatic chuck based upon
process conditions including temperature to estimate
said change in said pressure, and then changing said
pressure accordingly;

otherwise, using said thermal model to estimate a change
in thermal conditions of the coolant in said evaporator
that would maintain or establish a desired workpiece
temperature in the face of said change, and then chang-
ing said thermal conditions in said evaporator accord-
ingly at a time prior to the time of said next scheduled
change by a head start related to the thermal propaga-
tion delay through said electrostatic chuck.
9. The method of claim 1 wherein the step of changing
said thermal conditions in said evaporator is accompanied
by a step comprising:

holding the temperature of said workpiece constant until
the time of said next scheduled change by making
changes in the pressure of said thermally conductive
gas that counteract, at the workpiece, temperature
changes in the chuck.
10. The method of claim 8 wherein the step of changing
said pressure is accompanied by the step comprising:

obtaining the scheduled change in process parameter that
is scheduled to follow said next scheduled change in
process parameter;

if a change in pressure of the thermally conductive gas
would not suffice to maintain or establish a desired
workpiece temperature in the face of said following
change, using said thermal model to estimate a follow-
ing change in thermal conditions of the coolant in said
evaporator that would maintain or establish a desired
workpiece temperature in the face of said change, and
then making said following change in said thermal
conditions in said evaporator accordingly at a time
prior to the scheduled time of said following change by
a head start related to the thermal propagation delay
through said electrostatic chuck.
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11. The method of claim 10 wherein the step of making
said following change is accompanied by the step compris-
ing:

controlling said pressure of said thermally conductive gas
S0 as to:

a) hold the workpiece temperature constant until the
scheduled time of said next change in process param-
eter,

b) permit the next change in process parameter to occur,

¢) hold the workpiece temperature constant after the
time of said next change and until the time of said
following change,

d) permit said following change in process parameter to
be carried out by said following change in the
thermal conditions in said evaporator.

12. The method of claim 8 wherein said change in process
parameter is a change in RF heat load on said workpiece, and
wherein said change in thermally conductive gas pressure or
evaporator thermal conditions is sufficient to maintain the
workpiece temperature at least nearly constant during and
after the change in RF heat load.

13. The method of claim 8 wherein said change in process
parameter is a change in the desired temperature of said
workpiece, and wherein said change in thermally conductive
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gas pressure or evaporator thermal conditions is sufficient to
change the workpiece temperature to the new desired tem-
perature.

14. The method of claim 8 further comprising increasing
uniformity of temperature distribution across said chuck by
maintaining both liquid and vapor phases of said coolant
inside said evaporator to promote heat exchange through
latent heat of vaporization.

15. The method of claim 14 further comprising:

adjusting RF feedpoint impedance at an RF feedpoint at
which an RF generator is coupled to an electrode of
said electrostatic chuck.
16. The method of claim 15 wherein the step of adjusting:
RF feedpoint impedance comprises:

enclosing portions of an an RF conductor to said feed-
point in respective dielectric sleeves of selected dielec-
tric constants and axial lengths.

17. The method of claim 16 further comprising:

adjusting electrical field distribution at a peripheral edge

of said workpiece support.

18. The method of claim 17 wherein the step of adjusting
electrical field distribution comprises providing an insula-
tive ring at a peripheral edge of said workpiece support
having a dielectric constant and thickness.
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