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(57) ABSTRACT

Methods for cooling a substrate are provided herein. In some
embodiments, a method for cooling a substrate includes heat-
ing a substrate in a process chamber from an introductory
temperature to a peak temperature of greater than about 900
degrees Celsius; and cooling the substrate from within about
50 degrees Celsius of the peak temperature by moving the
substrate at a rate of at least about 3 millimeters/second in a
direction normal to an upper surface of the substrate. In some
embodiments, cooling the substrate by moving the substrate
further comprises moving the substrate to a first position
having a first distance from an upper surface of the process
chamber; and subsequently moving the substrate to a second
position having a second distance that is further away from
the upper surface than the first distance. In some embodi-
ments, a residence time proximate the peak temperature is
about 0.6 seconds or less.
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RAPID COOLING OF A SUBSTRATE BY
MOTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims benefit of U.S. provisional
patent application Ser. No. 61/147,891, filed Jan. 28, 2009,
which is herein incorporated by reference in its entirety.

FIELD

[0002] Embodiments of the present invention generally
relate to processing methods, and particularly to methods for
cooling a substrate.

BACKGROUND

[0003] At smaller semiconductor device nodes, precise
control of thermal processes is critical. For example, a tran-
sistor device may include ultra shallow junction (USI)
source/drain regions which may be doped with a dopant such
as phosphorus or boron to increase carrier mobility. During a
doping process, such as ion implantation, the source/drain
regions may be damaged and require healing by a thermal
process. Further, the dopant may require activation by a ther-
mal process after implantation, for example, to diffusion to a
lattice site or a lattice interstice within the source/drain
region. A suitable thermal process for activating the dopant
and healing the source/drain regions may include a rapid
thermal process (RTP), such as a spike RTP anneal. Unfortu-
nately, RTP processes have very slow cooling rates due to
poor conductive and/or radiative thermal loss. As such, the
time that the source/drain region is at an elevated temperature
due to a RTP process is sufficient to permit diffusion of the
dopant into a channel of the transistor device, or another
region of the device where the dopant is not desired.

[0004] Accordingly, there is a need in the art for improved
methods for cooling a substrate during a thermal process.

SUMMARY

[0005] Methods for cooling a substrate are provided herein.
In some embodiments, a method for cooling a substrate
includes heating a substrate in a process chamber from an
introductory temperature to a peak temperature of greater
than about 900 degrees Celsius; and cooling the substrate
from within about 50 degrees Celsius of the peak temperature
by moving the substrate at a rate of at least about 3 millime-
ters/second in a direction normal to an upper surface of the
substrate.

[0006] In some embodiments, cooling the substrate by
moving the substrate further comprises moving the substrate
to a first position having a first distance from an upper surface
of the process chamber; and subsequently moving the sub-
strate to a second position having a second distance that is
further away from the upper surface than the first distance. In
some embodiments, a residence time between heating the
substrate from about 50 degrees Celsius below the peak tem-
perature and cooling the substrate to about 50 degrees Celsius
below the peak temperature is less than about 1.2 seconds. In
some embodiments, the residence time is about 0.6 seconds
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or below. Other and further embodiments of the present
invention are described below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Embodiments of the present invention, briefly sum-
marized above and discussed in greater detail below, can be
understood by reference to the illustrative embodiments of
the invention depicted in the appended drawings. It is to be
noted, however, that the appended drawings illustrate only
typical embodiments of this invention and are therefore not to
be considered limiting of its scope, for the invention may
admit to other equally effective embodiments.

[0008] FIG. 1 depicts a flow chart of a method for cooling a
substrate in accordance with some embodiments of the
present invention

[0009] FIGS. 2A-D depict a substrate during various stages
of the method as referred to in FIG. 1.

[0010] FIG. 3 depicts a thermal process chamber in accor-
dance with some embodiments of the present invention.
[0011] FIG. 4 depicts a thermal process chamber in accor-
dance with some embodiments of the present invention.
[0012] FIGS. 5A-B depict the thermal process chamber in
FIG. 3 in accordance with some embodiments of the present
invention.

[0013] To {facilitate understanding, identical reference
numerals have been used, where possible, to designate iden-
tical elements that are common to the figures. The figures are
not drawn to scale and may be simplified for clarity. It is
contemplated that elements and features of one embodiment
may be beneficially incorporated in other embodiments with-
out further recitation.

DETAILED DESCRIPTION

[0014] Methods forrapidly cooling a substrate are provided
herein. The cooling methods may be part of a rapid thermal
process (RTP), such as a spike RTP. The cooling methods
advantageously reduce a residence time that a substrate
spends at, or proximate the peak temperature during the RTP
anneal. Reducing the residence time is beneficial, for
example, for limiting dopant diffusion while activating a
dopant implanted in the substrate and healing substrate dam-
age due to an implant process.

[0015] Forexample, as discussed below in greater detail, in
some embodiments, starting from a relatively high tempera-
ture (e.g., above about 900 degrees Celsius, or in some
embodiments between about 900 to about 1400 degrees Cel-
sius, or in some embodiments between about 1000 to about
1400 degrees Celsius), a substrate may be moved over a
relatively short distance (e.g., less than about 8 mm, or less
than about 5 mm), at a relatively fast speed (e.g., about 10
mm/sec or greater, or in some embodiments up to and includ-
ing about 50 mm/sec, or in some embodiments at least about
3 mm/sec, or in some embodiments between about 3 to about
15 mm/sec, or in some embodiments between about 3 to
about 50 mm/sec) to accomplish a relatively significant tem-
perature drop (e.g., more than about 10 to about 50 degrees
Celsius). In some embodiments, such rapid cooling may be
accomplished in between about 350 milliseconds to about 1.2
seconds. The relatively high temperature referred to above
does not have to be a peak temperature, but, in some embodi-
ments, is within 50 degrees Celsius of the peak temperature of
a process under which the substrate is subjected (e.g., an
anneal, or spike anneal process),
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[0016] FIG. 1 illustrates a flow chart of a method 100 for
cooling a substrate in accordance with some embodiments of
the present invention. The method 100 may, be part of a
thermal process, such as a rapid thermal process (RTP). One
exemplary RTP is a spike rapid thermal anneal (spike RTP).
The method 100 may be performed in any suitable process
chamber configured for thermal processes, such as the RADI-
ANCE® or RADIANCEplus® thermal processing systems,
available from Applied Materials, Inc. of Santa Clara, Calif.,
or such as the process chamber 300 described below with
respect to FIG. 3. The method 100 is described below with
respect to FIGS. 2A-C, which illustrate a substrate during
various stages of the method 100 as referred to in FIG. 1.
[0017] The method 100 generally begins at 102, where a
substrate 200 is provided as depicted in FIG. 2A. The sub-
strate 200 refers to any substrate or material surface upon
which a film processing is performed. In some embodiments,
the substrate 200 may comprise silicon, crystalline silicon
(e.g., Si<100> or Si<111>), strained silicon, silicon germa-
nium, doped or undoped polysilicon, doped or undoped sili-
con wafers, patterned or non-patterned wafers, silicon on
insulator (SOI), doped silicon, or the like. In some embodi-
ments, the substrate 200 may have various dimensions, such
as 200 or 300 mm diameter wafers, as well as rectangular or
square panels. In some embodiments, the substrate 200 com-
prises silicon. The substrate 200 may be patterned and/or may
contain multiple materials layers.

[0018] For example, the substrate may be part of a semi-
conductor device (not shown), such as a transistor device, and
having ultra shallow junction (USJ) regions (not shown), for
example, source/drain regions. The source/drain regions may
be implanted with dopants such as phosphorus or boron to
facilitate increased carrier mobility. As a result of the implan-
tation process, the substrate 200 may be damaged and/or have
one or more doped regions where the dopants require activa-
tion.

[0019] At 104, the substrate 200 may be heated to a peak
temperature. In some embodiments, the peak temperature
may be above about 900 degrees Celsius, between about 900
to about 1400 degrees Celsius, or greater than about 1400
degrees Celsius. In one embodiment, the peak temperature is
about 1050 degrees Celsius. Although discussed above with
respect to peak temperatures above about 900 degrees Cel-
sius, for example, in some embodiments the peak temperature
may be a lower temperature, such as at least about at least
about 150 degrees Celsius or at least about 350 degrees Cel-
sius.

[0020] Initially, the substrate 200 may enter a process
chamber, for example, one of the exemplary process cham-
bers described below, and be heated and maintained at an
introductory temperature, where the introductory tempera-
ture is below the peak temperature. For example, in some
embodiments, the introductory temperature may be about
room temperature, or about 25 degrees Celsius. In some
embodiments, the introductory temperature may be between
about 25 to about 600 degrees Celsius.

[0021] For example, in some embodiments, such as a spike
RTP anneal, the substrate 200 may be heated from the intro-
ductory temperature to a first temperature at a first heating
rate, and subsequently heated from the first temperature to
about the peak temperature at a second heating rate. In some
embodiments the first temperature is between about 900 to
about 1150 degrees Celsius. In some embodiments, the sec-
ond heating rate is greater than the first heating rate. The first
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heating rate may about constant, or about 5 to about 25
degrees Celsius/second. The second heating rate may be
rapid, such as during a spike portion of a spike RTP anneal, or
about 50 to about 300 degrees Celsius/second.

[0022] In some embodiments, for example, during a spike
RTP anneal, it may be desired to maximize the heating rate,
such that the substrate reaches the peak temperature quickly.
Maximizing the heating rate may, for example, contribute to
reducing a residence time that the substrate 200 spends at or
proximate (with about 50 degrees Celsius) of the peak tem-
perature. For example, and in some embodiments, the resi-
dence time may be defined as the time between heating the
substrate from about 50 degrees Celsius below the peak tem-
perature and cooling the substrate to about 50 degrees Celsius
below the peak temperature. Reducing the residence time is
beneficial as discussed above, for example, in limiting dopant
diffusion during activation, or healing of the substrate 200.
[0023] In some embodiments, the heating rate may be
increased by the formation of a thermally insulating fluid
boundary layer. As illustrated in FIG. 2A, a boundary layer
202 may be deposited adjacent the substrate 200. The bound-
ary layer 202 may increase the heating rate by impeding the
escape of radiant energy 204 from the substrate 200, by reduc-
ing convective heat loss due to fluid flow adjacent the sub-
strate 200, and/or by reducing the conductive heat loss from
the substrate by forming a layer having a temperature near
that of'the surface of the substrate 200. The radiant energy 204
may be radiated proximate the substrate surface, or from a
depth up to about 30 nm from the substrate surface. In some
embodiments, the radiant energy 204 may be radiated at a
wavelength between about 700 to about 1000 nm. For
example, the boundary layer 202 may comprise a process gas,
for example, where the process gas physically adsorbs to the
surface of the substrate 200. The process gas may absorb the
radiant energy 204, thus limiting heat loss at the substrate
surface. Further, the process gas may reflect radiant energy
204 back to the substrate 200, thus limiting heat loss from the
substrate 200.

[0024] The process gas may include helium, oxygen, nitro-
gen, or combinations thereof. In some embodiments, the pro-
cess gas includes hydrogen (H,) and oxygen (O,). The pro-
cess gas may be flowed across the substrate surface, flowed
from above the substrate surface, or any suitable flow con-
figuration typically using in a RTP anneal.

[0025] The process gas may utilize a range of composi-
tions. For example, a composition of the process gas may be
varied, for example, to improve absorption of radiant energy
from the substrate 200, or the like. In some embodiments, the
process gas may comprise between about 95 to about 99
percent of nitrogen (N,) (e.g., an N, flow of between about
100 to about 20000 sccm). In some embodiments, the process
gas may comprise between about 1 to about 5 percent of
hydrogen (H,). In one embodiment, the process gas com-
prises about 1 to about 5% hydrogen (H,) in nitrogen (N,).
[0026] At 106, the substrate 200 is cooled from within
about 50 degrees Celsius of the peak temperature by moving
the substrate in a direction normal to the surface of the sub-
strate. In some embodiments, the movement of the substrate
200 may begin with about 50 degrees Celsius of the peak
temperature, or in other words, within about 50 degrees Cel-
sius prior to reaching the peak temperature. In some embodi-
ments, the movement of the substrate 200 may begin at about
the peak temperature. A motion in a direction normal to the
surface of the substrate 200 is depicted by the arrow labeled
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206 in FIG. 2C. The inventors have discovered that merely
moving the substrate 200 is not sufficient to enhance the rate
of cooling of the substrate 200. It is believed that rapidly
moving the substrate 200 disturbs the boundary layer 202 and
facilitates more rapid cooling of the substrate 200. For
example, the substrate 200 may be moved at a rate sufficient
to disturb the boundary layer 202 (e.g., the boundary layer
202 may be thinned by particles 208 of the process gas releas-
ing from the boundary layer 202). The substrate 200 may be
moved at a rate of at least about 3 mm/sec, at a rate of up to
about 10 mm/sec, at a rate of up to about 50 mm/sec, or at a
rate of between about 3 to about 15 mm/sec. In some embodi-
ments, the rate of the substrate movement may facilitate a
temperature drop of about 10 to about 50 degrees Celsius, or
more than about 50 degrees Celsius. In some embodiments, a
cooling time to reach about 50 degrees below the peak (or
initial) temperature is between about 350 milliseconds to
about 1.2 seconds, or about 350 milliseconds. In some
embodiments, the residence time (or cooling time) may be
less than about 1.2 seconds, or between about 350 millisec-
onds to about 1.2 seconds, or between about 0.6 to about 1.0
seconds, or about 0.6 seconds or less, or about 350 millisec-
onds.

[0027] In some embodiments, a cooling plate may be pro-
vided to assist in cooling the substrate 200. For example, the
substrate 200 may be cooled from the peak temperature by
rapidly moving the substrate, in the manner discussed above,
towards the cooling plate. In some embodiments, the cooling
plate may be disposed proximate an upper surface of a pro-
cess chamber, such as the cooling block 380 in the process
chamber 300 depicted below in FIG. 3. In some embodi-
ments, the cooling plate may be disposed on a opposing side
of the substrate from an energy source used to heat the sub-
strate. For example, the exemplary process chamber 300
described below illustrates a cooling block 380 (i.e., a cooling
plate) disposed above the substrate 200 and an energy source
306 disposed below the substrate 200.

[0028] In some embodiments, the substrate 200 may be
held at an initial position having an initial distance from an
upper surface of the process chamber, or from the cooling
plate, during the heating of the substrate (described above at
104). In some embodiments, the initial distance is about 8
millimeters from the upper surface or cooling plate.

[0029] At about a time at which the substrate is heated to
about the peak temperature or within about 50 degrees Cel-
sius of the peak temperature, the substrate 200 may be cooled
by rapidly moving the substrate towards the cooling plate.
The substrate 200 may be cooled over a relatively short dis-
tance, for example, by moving the substrate less than about 8
millimeters, or less than about 5 millimeters, or about 1 to
about 3 millimeters towards the cooling plate. In some
embodiments, cooling the substrate by moving the substrate
towards the cooling plate may include moving the substrate to
a first position having a first distance from the cooling plate;
and subsequently moving the substrate to a second position
having a second distance that is further away from the cooling
plate than the first distance. Moving the substrate away from
the cooling plate may provide more uniform final cooling
profile across the substrate surface. In some embodiments,
the first distance is about 1 to about 3 millimeters from the
cooling plate. In some embodiments, the second distance is
about 6 millimeters from the cooling plate.

[0030] In some embodiments, the substrate 200 may be
cooled by rapidly moving the substrate towards an upper
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surface of a process chamber, for example, an exemplary
process chamber 400 described below. In some embodi-
ments, an energy source, for example, the lamphead 401 may
be disposed above the upper surface (i.e., a window assembly
414) of the process chamber 400. Similar to the embodiments
described above, the substrate may be cooled by moving the
substrate towards the energy source. In some embodiments,
the substrate may be cooled by moving the substrate to a first
position having a first distance from the upper surface of the
process chamber; and subsequently moving the substrate to a
second position having a second distance that is further away
from the upper surface than the first distance.

[0031] The substrate 200 may be moved in any suitable
motion in a direction normal to the substrate surface which
disturbs the thermal insulating boundary layer 202. The
motion may be any suitable motion such as accelerating and
decelerating the substrate 200 from an initial position having
an initial distance from a cooling plate to a first position
having a first distance from a cooling plate as discussed
above. The motion may be linear, sinusoidal, or any other
suitable motion which disturbs the boundary layer 202 to
facilitate a breakup of the boundary layer 202 into particles
208 of the process gas as depicted in FIG. 2C. The particles
208 may include atoms or molecules of the process gas,
and/or formed from the process gas.

[0032] Disturbing or breaking up the boundary layer 202
into particles 208 of the process gas may facilitate improved
heat loss due to radiant energy 204 escaping from the sub-
strate 200 as depicted in F1G. 2D. The radiant energy 204 may
be absorbed by, for example, a wall or surface of the process
chamber 300, such by a cooling plate disposed proximate the
substrate 200, or another similar means. In some embodi-
ments, the cooling plate may be coated and/or comprise a
non-reflective material such that the radiant energy 204 is
absorbed, and hence not reflected back to the substrate 200
during cooling. In some embodiments, non-reflective mate-
rials may include ceramic, quartz, or materials having rough-
ened surfaces.

[0033] Further, the radiant energy 204 may be absorbed by
the particles 208 of process gas and flowed away from the
substrate 200, for example, towards a wall or surface of the
process chamber 300 which may act as a heat sink. As such,
disturbing or breaking up the boundary layer 202 into par-
ticles 208 may improve a cooling rate from the peak tempera-
ture. In some embodiments, a cooling rate from about the
peak temperature to about 50 degrees below the peak tem-
perature is between about 90 to about 150 degrees Celsius/
second.

[0034] In some embodiments, for example, such as in a
spike RTP anneal, the substrate 200 may be cooled from
about the peak temperature to a second temperature at a first
cooling rate; and cooled from the second temperature to an
end temperature at a second cooling rate. In some embodi-
ments, the second cooling rate is less than the first cooling
rate. The second cooling rate may about constant, or about 50
to about 90 degrees Celsius/second. The first cooling rate may
be rapid, such as during a spike portion of'a spike RTP anneal,
or about 90 to about 150 degrees Celsius/second. In some
embodiments, the second temperature may be between about
900 to about 1150 degrees Celsius, or within about 80% of the
first temperature discussed above. In some embodiments, the
end temperature may be about room temperature, or about 25
degrees Celsius. In some embodiments, the end temperature
may be between about 25 to about 600 degrees Celsius.
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[0035] An improved cooling rate may be aided by an
increased flow rate of the process gas. For example, the flow
rate may be increased by rapidly moving the substrate 200
during cooling. In some embodiments, the flow rate may be
increased to about 40 slm. The increase flow rate may, for
example, carry particles 208 away from the substrate surface
faster during the motion 206. Alternatively, the flow rate of
the process gas entering the process chamber, such as at an
inlet or nozzle may be increased during cooling of the sub-
strate 200 from about the peak temperature to facilitate dis-
turbing the boundary layer 202.

[0036] The methods described herein for heating and cool-
ing the substrate 200 about a peak temperature may facilitate
a residence time as discussed above of less than about 1.2
seconds. In some embodiments, the residence time may be
less than about 1.2 seconds, or between about 350 millisec-
onds to about 1.2 seconds, or between about 0.6 to about 1.0
seconds, or about 0.6 seconds or less, or about 350 millisec-
onds.

[0037] The methods described herein may be performed in
any suitable thermal processing system, for example, such as
the rapid thermal processing chamber 300 depicted in FIG. 3.

[0038] FIG. 3 depicts one exemplary semiconductor pro-
cessing chamber which may be utilized in accordance with
some embodiments of the present invention. The process
chamber 300 may be any suitable process chamber, for
example, configured for thermal processing, such as a rapid
thermal process (RTP).

[0039] The processing chamber 300 includes a contactless
or magnetically levitated substrate support 304, a chamber
body 302, having walls 308, a bottom 310, and a top 312
defining an interior volume 320. The walls 308 typically
include atleast one substrate access port 348 to facilitate entry
and egress of the substrate 200 (a portion of which is shown in
FIG. 1). The access port may be coupled to a transfer chamber
(not shown) or a load lock chamber (not shown) and may be
selectively sealed with a valve, such as a slit valve (not
shown). The chamber 300 includes an energy source 306
disposed below the substrate 140 and in an inside diameter of
the substrate support 304. An exemplary RTP chamber and a
substrate support that may be modified in accordance with the
present invention are described in U.S. Pat. No. 6,800,833,
filed Mar. 29, 2002 and issued on Oct. 5, 2004, U.S. patent
application Ser. No. 10/788,979, filed Feb. 27, 2004 and pub-
lished as U.S. patent Publication No. 2005/0191044 on Sep.
1, 2005, both of which are incorporated by reference in their
entireties. However, the substrate support 304 having an
energy source 306 disposed therebelow is one exemplary
embodiment which may be utilized with the present inven-
tion. For example, the present invention may be utilized with
an energy source disposed above the substrate support 304, or
in other configurations. Further, the present invention may be
utilized with non-contactless and/or non-magnetically levi-
tating substrate supports.

[0040] The substrate support 304 is adapted to magneti-
cally levitate and rotate within the interior volume 320. The
substrate support 304 is capable of rotating while raising and
lowering vertically during processing, and may also be raised
or lowered without rotation before, during, or after process-
ing. This magnetic levitation and/or magnetic rotation pre-
vents or minimizes particle generation due to the absence or
reduction of moving parts typically required to raise/lower
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and/or rotate the substrate support. In some embodiments, the
radiant heat source 106 is movably coupled to the substrate
support 304.

[0041] The substrate support 304 includes a window 314
made from a material transparent to heat and light of various
wavelengths, which may include light in the infra-red (IR)
spectrum, through which photons from the radiant heat
source 306 may heat the substrate 200. In one embodiment,
the window 314 is made of a quartz material, although other
materials that are transparent to light may be used, such as
sapphire.

[0042] The plurality of lift pins 344 disposed through the
window 314. The lift pins 344 are adapted to selectively
contact and support the substrate 200, to facilitate transfer of
the substrate into and out of the chamber 300. Each of the
plurality of lift pins 344 are configured to minimize absorp-
tion of energy from the energy source 306 and may be made
from the same material used for the window 314, such as a
quartz material. The plurality of lift pins 344 may be posi-
tioned and radially spaced from each other to facilitate pas-
sage of an end effector coupled to a transfer robot (not
shown). Alternatively, the end effector and/or robot may be
capable of horizontal and vertical movement to facilitate
transfer of the substrate 200. In some embodiments, the sub-
strate support 304 is capable of horizontal movement, where
movement is independent of the plurality of lift pins 344.
Accordingly, the substrate support 304 may be moved along
a horizontal plane and be aligned relative to the substrate 200
disposed on the lift pins 344.

[0043] The energy source 306 includes a lamp assembly
formed from a housing which includes a plurality of honey-
comb tubes 360 in a coolant assembly (not shown) coupled to
a coolant source 383. The coolant source 383 may be one or
a combination of water, ethylene glycol, nitrogen (N,), and
helium (He). The housing may be made of a copper material
or other suitable material having suitable coolant channels
formed therein for flow of the coolant from the coolant source
383. Each tube 360 may contain a reflector and a high-inten-
sity lamp assembly or an IR emitter from which is formed a
honeycomb-like pipe arrangement. This close-packed hex-
agonal arrangement of pipes provides energy sources with
high-power density and good spatial resolution. In one
embodiment, the energy source 306 provides sufficient radi-
ant energy to thermally process the substrate, for example,
annealing a silicon layer disposed on the substrate 200. The
energy source 306 may further comprise annular zones,
wherein the voltage supplied to the plurality of tubes 360 by
a controller 324 may varied to enhance the radial distribution
of'energy from the tubes 360. Dynamic control of the heating
of the substrate 200 may be affected by the one or more
temperature sensors 317 (described in more detail below)
adapted to measure the temperature across the substrate 340.
In some embodiments, the radiant energy provided by the
energy source 306 has a wavelength between about 700 nm to
about 1000 nm.

[0044] A stator assembly 318 circumscribes the walls 308
of the chamber body 302 and is coupled to one or more
actuator assemblies 322 that control the elevation of the stator
assembly 318 along the exterior of the chamber body 302. In
one embodiment (not shown), the chamber 300 includes three
actuator assemblies 322 disposed radially about the chamber
body, for example, at about 120 degree angles about the
chamber body 302. The stator assembly 318 is magnetically
coupled to the substrate support 304 disposed within the
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interior volume 320 of the chamber body 302. The substrate
support 304 may comprise or include a magnetic portion
(e.g., magnetic section 305) to function as a rotor, thus creat-
ing a magnetic bearing assembly to lift and/or rotate the
substrate support 304. In one embodiment, at least a portion
of the substrate support 304 is partially surrounded by a
trough (not shown) that is coupled to a fluid source 386, which
may include water, ethylene glycol, nitrogen (N,), helium
(He), or combinations thereof, adapted as a heat exchange
medium for the substrate support. The stator assembly 318
may also include a housing 390 to enclose various parts and
components of the stator assembly 318. In one embodiment,
the stator assembly 318 includes a drive coil assembly 368
stacked on a suspension coil assembly 370. The drive coil
assembly 368 is adapted to rotate and/or raise/lower the sub-
strate support 304 while the suspension coil assembly 370
may be adapted to passively center the substrate support 304
within the processing chamber 300. Alternatively, the rota-
tional and centering functions may be performed by a stator
having a single coil assembly.

[0045] An atmosphere control system 364 is also coupled
to the interior volume 320 of the chamber body 302. The
atmosphere control system 364 generally includes throttle
valves and vacuum pumps for controlling chamber pressure.
The atmosphere control system 364 may additionally include
gas sources for providing process or other gases to the interior
volume 320. The atmosphere control system 364 may also be
adapted to deliver process gases for thermal deposition pro-
cesses.

[0046] The chamber 300 includes a controller 324, which
generally includes a central processing unit (CPU) 330, sup-
port circuits 328 and memory 326. The CPU 330 may be one
of any form of computer processor that can be used in an
industrial setting for controlling various actions and sub-
processors. The memory 326, or computer-readable medium,
may be one or more of readily available memory such as
random access memory (RAM), read only memory (ROM),
floppy disk, hard disk, or any other form of digital storage,
local or remote, and is typically coupled to the CPU 330. The
support circuits 328 are coupled to the CPU 330 for support-
ing the controller 324 in a conventional manner. These cir-
cuits include cache, power supplies, clock circuits, input/
output circuitry, subsystems, and the like.

[0047] The actuator assemblies 322 generally comprise a
precision lead screw 332 coupled between two flanges 334
extending from the walls 308 of the chamber body 302. The
lead screw 332 has a nut 358 that axially travels along the lead
screw 332 as the screw rotates. A coupling 336 is coupled
between the stator 318 and nut 358 so that as the lead screw
332 is rotated, the coupling 336 is moved along the lead screw
332 to control the elevation of the stator 318 at the interface
with the coupling 336. Thus, as the lead screw 332 of one of
the actuators 322 is rotated to produce relative displacement
between the nuts 358 of the other actuators 322, the horizontal
plane of the stator 318 changes relative to a central axis of the
chamber body 302. A motor 338, such as a stepper or servo
motor, is coupled to the lead screw 332 to provide controllable
rotation in response to a signal by the controller 324. Alter-
natively, other types of actuators 322 may be utilized to con-
trol the linear position of the stator 318, such as pneumatic
cylinders, hydraulic cylinders, ball screws, solenoids, linear
actuators and cam followers, among others.

[0048] The chamber 300 further includes one or more sen-
sors 316, which are generally adapted to detect the elevation
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of the substrate support 304 (or substrate 200) within the
interior volume 320 of the chamber body 302. The sensors
316 may be coupled to the chamber body 302 and/or other
portions of the processing chamber 300 and are adapted to
provide an output indicative of the distance between the sub-
strate support 304 and the top 312 and/or bottom 310 of the
chamber body 302, and may also detect misalignment of the
substrate support 304 and/or substrate 200.

[0049] The one or more sensors 316 are coupled to the
controller 324 that receives the output metric from the sensors
316 and provides a signal or signals to the one or more
actuator assemblies 322 to raise or lower at least a portion of
the substrate support 304. The controller 324 may utilize a
positional metric obtained from the sensors 316 to adjust the
elevation of the stator 318 at each actuator assembly 322 so
that both the elevation and the planarity of the substrate sup-
port 304 and substrate 200 seated thereon may be adjusted
relative to and a central axis of the process chamber 300
and/or the energy source 306. For example, the controller 324
may provide signals to raise the substrate support by action of
one actuator 322 to correct axial misalignment of the sub-
strate support 304, or the controller may provide a signal to all
actuators 322 to facilitate simultaneous vertical movement of
the substrate support 104.

[0050] The one or more sensors 316 may be ultrasonic,
laser, inductive, capacitive, or other type of sensor capable of
detecting the proximity of the substrate support 304 within
the chamber body 302. The sensors 316, may be coupled to
the chamber body 302 proximate thetop 312 or coupled to the
walls 308, although other locations within and around the
chamber body 302 may be suitable, such as coupled to the
stator 318 outside of the chamber 300. In one embodiment,
one or more sensors 316 may be coupled to the stator 318 and
are adapted to sense the elevation and/or position of the sub-
strate support 304 (or substrate 140) through the walls 308. In
this embodiment, the walls 308 may include a thinner cross-
section to facilitate positional sensing through the walls 308.
[0051] The chamber 300 includes one or more temperature
sensors 317, which may be adapted to sense temperature of
the substrate 200 before, during, and after processing. The
temperature sensors 317 are disposed through the top 312,
although other locations within and around the chamber body
302 may be used. The temperature sensors 317 may be optical
pyrometers, as an example, pyrometers having fiber optic
probes. The sensors 317 may be adapted to couple to the top
312 in a configuration to sense the entire diameter of the
substrate, or a portion of the substrate. The sensors 317 may
comprise a pattern defining a sensing area substantially equal
to the diameter of the substrate, or a sensing area substantially
equal to the radius of the substrate. For example, a plurality of
sensors 117 may be coupled to the top 312 in a radial or linear
configuration to enable a sensing area across the radius or
diameter of the substrate. In one embodiment (not shown), a
plurality of sensors 317 may be disposed in a line extending
radially from about the center of the top 312 to a peripheral
portion of the top 312. In this manner, the radius of the
substrate may be monitored by the sensors 317, which will
enable sensing of the diameter of the substrate during rota-
tion.

[0052] The chamber 300 further includes a cooling block
380 adjacent to, coupled to, or formed in the top 312. Gener-
ally, the cooling block 380 is spaced apart and opposing the
energy source 106. The cooling block 380 comprises one or
more coolant channels 384 coupled to an inlet 381A and an



US 2010/0193154 Al

outlet 381B. The cooling block 380 may be made of a process
resistant material, such as stainless steel, aluminum, a poly-
mer, or a ceramic material. The coolant channels 384 may
comprise a spiral pattern, a rectangular pattern, a circular
pattern, or combinations thereof and the channels 384 may be
formed integrally within the cooling block 380, for example
by casting the cooling block 380 and/or fabricating the cool-
ing block 380 from two or more pieces and joining the pieces.
Additionally or alternatively, the coolant channels 384 may
be drilled into the cooling block 380.

[0053] As described herein, the chamber 300 is adapted to
receive a substrate in a “face-up” orientation, wherein the
deposit receiving side or face of the substrate is oriented
toward the cooling block 380 and the “backside” of the sub-
strate is facing the energy source 306. The “face-up” orien-
tation may allow the energy from the energy source 306 to be
absorbed more rapidly by the substrate 200 as the backside of
the substrate is typically less reflective than the face (i.e.,
frontside) of the substrate.

[0054] Although the cooling block 380 and energy source
306 is described as being positioned in an upper and lower
portion of the interior volume 320, respectively, the position
of the cooling block 380 and the energy source 306 may be
reversed. For example, the cooling block 380 may be sized
and configured to be positioned within the inside diameter of
the substrate support 304, and the energy source 306 may be
coupled to the top 312. In this arrangement, a window, made
of a transparent material such as quartz or a polarizing mate-
rial in accordance with embodiments discussed above, may
be disposed between the energy source 106 and the substrate
support 304, such as adjacent the energy source 306 in the
upper portion of the chamber 300. Although the substrate 200
may absorb heat more readily when the backside is facing the
energy source 306, the substrate 200 could be oriented in a
face-up orientation or a face down orientation in either con-
figuration.

[0055] Theinlet 381A and outlet 381B may be coupled to a
coolant source 382 by valves and suitable plumbing and the
coolant source 382 is in communication with the controller
124 to facilitate control of pressure and/or flow of a fluid
disposed therein. The fluid may be water, ethylene glycol,
nitrogen (N,), helium (He), or other fluid used as a heat
exchange medium.

[0056] The chamber 300 may further include one or more
gas inlets (not shown) for flowing a process gas. The one or
more gas inlets may be configured to deliver the process gas
across and/or perpendicular, or at any suitable angle to the
substrate surface. The chamber 300 may further include an
exhaust port (not shown) fluidly coupled to the interior vol-
ume 320 for removing the process gas from the interior vol-
ume 320 and/or for controlling pressure within the interior
volume 320. The exhaust port may be coupled to a pump (not
shown), such as a roughing pump, turbo pump, or the like.
The process gas may be utilizing for thermal processing, for
example, such as during the formation of an oxide on the
substrate 200, or other suitable thermal processes, such as
annealing. Exemplary process gases may include at least one
of oxygen (O,), nitrogen (N,), hydrogen (H,), helium (He),
argon (Ar), or the like.

[0057] In operation, and in some embodiments of the
method 100 discussed above at 106, the substrate 200 may be
cooled by rapidly moving the substrate in a direction normal
to the surface of the substrate 200. For example, as shown in
FIG. 5A, the substrate 200 may rest on the substrate support

Aug. 5, 2010

304, where the substrate 200 may be at an initial position at an
initial distance 502 from the cooling block 380 (not shown in
FIG. 5A). In some embodiments, the initial distance is about
8 mm. For example, to move the substrate 200 in a direction
normal to the surface of the substrate 200, the one or more of
the drive coil assembly 368 or suspension coil assembly 370
of the stator assembly 318 may be engaged to hold/secure
and/or passively center the substrate support 304. The motor
338 ofthe actuator assembly 322 upon receiving a signal from
the controller 324 may provide a controllable rotation causing
the lead screw 332 to rotate, and the nut 358 to travel axially
along the lead screw 332 as the screw rotates. The stator
assembly 318 coupled to the nut 358 via the coupling 336
moves as the screw 332 rotates to control the elevation of the
substrate support 304. As shown in FIG. 5B, the substrate
support 304 may be moved as described above towards the
cooling block 380 (not shown in FIG. 5B) such that the
substrate 200 is moved to a first position at a first distance 504
from the cooling block 380. In some embodiments, the first
distance 504 is about 3 mm, or in some embodiments between
about 1 to about 3 mm. During the movement of the substrate
support 304 towards the cooling block 380, the flow rate of a
process gas disposed between the cooling block 380 and the
surface of the substrate 200 may be increased due to the
movement of the substrate support 304. As illustrated in FI1G.
5B, the process gas (depicted by arrows 506) is forced in a
direction generally parallel to the surface of the substrate 200
and from a portion of the interior volume 320 between the
surface of the substrate 200 and the cooling block 380 (not
shown in FIG. 5B). In some embodiments, the flow rate may
be increased to about 40 slm.

[0058] Alternatively, the inventive methods described
herein may be performed in a process chamber configured for
heating the substrate from above, such as a process chamber
400 depicted in FIG. 4. The process chamber 400 may be any
suitable process chamber, for example, configured for ther-
mal processing, such as a rapid thermal process (RTP).

[0059] The substrate 200 is mounted inside the chamber
400 on a substrate support 408 and is heated by the lamphead
401, which is disposed in a position opposing the substrate
support 408. The lamphead 401 generates radiation which is
directed to a front side 407 of the substrate 200. Alternatively
(not shown), the lamphead 401 may be configured to heat the
back side 409 of the substrate 200, for example, such as by
being disposed below the substrate 200, or by directing the
radiation to the back side of the substrate 200. The radiation
enters the process chamber 400 through a water-cooled quartz
window assembly 414. Beneath the substrate 200 is a reflec-
tor 402, which is mounted on a water-cooled, stainless steel
base 416. The base 416 includes a circulation circuit 446
through which coolant circulate to cool the reflector 402. In
some embodiments, the reflector 402 is made of aluminum
and has a highly reflective surface coating 420. Water, which
may be above 23 degrees Celsius, may be circulated through
the base 416 to keep the temperature of the reflector 402 well
below that of the heated substrate 200. Alternatively, other
coolants may be provided at the same or different tempera-
tures. For example, antifreeze (e.g., ethylene glycol, propy-
lene glycol, or the like) or other heat transfer fluids may be
circulated through the base 416 and/or the base 416 may be
coupled to a chiller (not shown). An underside or backside of
the substrate 200 and the top of the reflector 402 form a
reflecting cavity 418. The reflecting cavity 418 enhances the
effective emissivity of the substrate 200.



US 2010/0193154 Al

[0060] The width width-to-height ratio of the reflecting
cavity may be about 20:1 or more. For example, in some
embodiments, the separation between the substrate 200 and
the reflector 402 may be approximately 0.3 of an inch (7.6
mm), thus forming the reflecting cavity 418 which has a
width-to-height ratio of about 27. In processing systems that
are designed for eight-inch silicon wafers, the distance
between the substrate 200 and the reflector 302 may be
between about 3 to about 9 mm.

[0061] The temperatures at localized regions of the sub-
strate 200 are measured by a plurality of temperature probes,
such as 452a, 452b, and 452¢. Each temperature probe
includes a sapphire light pipe 426 that passes through a con-
duit 424 that extends from the backside of the base 416
through the top of the reflector 402. In some embodiments,
the sapphire light pipe 426 is about 0.125 inch in diameter and
the conduit 424 is slightly larger. The sapphire light pipe 426
is positioned within the conduit 424 so that its uppermost end
is flush with or slightly below the upper surface of the reflec-
tor 402. The other end of light pipe 426 couples to a flexible
optical fiber 425 that transmits sampled light from the reflect-
ing cavity 418 to a pyrometer 428.

[0062] The pyrometer 428 is connected to a temperature
controller 450 which controls the power supplied to the lam-
phead 401 in response to a measured temperature. In some
embodiments, such as for a 200 mm wafer, the lamphead 401
may use about 187 lights to deliver highly collimated radia-
tion from tungsten-halogen lamps to the process chamber
400. In some embodiments, such as for a 300 mm wafer, the
lamphead 401 may use about 409 lights. The number and
configuration of the lights disclosed herein are exemplary and
other numbers and configurations may also suitably be used.
[0063] The lamps may be divided into multiple zones. The
zones can be individually adjusted by the controller to allow
controlled radiative heating of different areas of the substrate
200. Such a control system is described in U.S. Pat. No.
5,755,511, assigned to the assignee of the present invention,
the entire disclosure of which is incorporated herein by ref-
erence.

[0064] As indicated above, the described embodiments use
measurement or temperature probes distributed over the
reflector 402 so as to measure the temperature at different
radii of the substrate 200. During the thermal processing, the
substrate 200 is rotated, for example, at about 90 RPM. Thus,
each probe actually samples the temperature profile of a cor-
responding annular ring area on the substrate 200.

[0065] The substrate support 408 may be configured to be
stationary of may rotate the substrate 200. The substrate sup-
port 408 includes a support or an edge ring 434 which con-
tacts the substrate 200 around the substrate’s outer perimeter,
thereby leaving the entire underside of the substrate 200
exposed except for a small annular region about the outer
perimeter. The support ring 434 is also known as the edge ring
434 and these two terms can be interchangeably used within
the specification. In some embodiment, the support ring 434
has a radial width of approximately one inch (2.5 centimeters
(cm)). To minimize the thermal discontinuities that will occur
atthe edge of the substrate 200 during processing, the support
ring 434 is made of the same, or similar, material as that of the
substrate 200, for example, silicon.

[0066] The support ring 434 rests on a rotatable tubular
quartz cylinder 436 that is coated with silicon to render it
opaque in the frequency range of the pyrometer 428. The
coating on the quartz cylinder 436 acts as a baffle to block out
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radiation from the external sources that might contaminate
the intensity measurements. The bottom of the quartz cylin-
der 436 is held by an annular upper bearing 441 which rests on
a plurality of ball bearings 437 that are, in turn, held within a
stationary, annular, lower bearing race 439. In some embodi-
ments, the ball bearings 437 are made of steel and coated with
silicon nitride to reduce particulate formation during opera-
tions. The upper bearing 441 is magnetically coupled to an
actuator (not shown) which rotates the cylinder 436, the edge
ring 434 and the substrate 200 during the thermal processing.
[0067] A purge ring 445, which is fitted into the chamber
body, surrounds the quartz cylinder 436. In some embodi-
ments, the purge ring 445 has an internal annular cavity 447
which opens up to a region above the upper bearing 441. The
internal cavity 447 is connected to a gas supply (not shown)
through a passageway 449. During processing, a purge gas is
flowed into the chamber through the purge ring 445.

[0068] During processing, the process gas may be flowed
from a gas panel (not shown) and enter the process chamber
400 at an inlet 430. The inlet 430 is disposed in a side of the
process chamber 400 and facilitates the flow of the process
gas across the surface of the substrate 200. Process gas flow
need not be limited to side entry, and other embodiments are
possible. For example, an embodiment where the lamphead
401 is disposed below the substrate (not shown), the inlet 430
can be disposed above the substrate (not shown) for flowing
the process gas thereto. In some embodiments, process gases
can alternatively or in combination be introduced at different
locations with respect to the substrate, such as radial loca-
tions. The process gases can be provided with different flow
rates per location (or independently controlled flow rates at
each location) to allow for tuning of the cooling effect across
the substrate. Gases are exhausted through an exhaust port
460 disposed on an opposing side wall of the process chamber
from the inlet 330. The exhaust port 460 is coupled to a
vacuum pump (not shown).

[0069] In some embodiments, the support ring 434 has an
outer radius that is larger than the radius of the quartz cylinder
436 so that it extends out beyond the quartz cylinder 436. The
annular extension of the support ring 434 beyond the cylinder
436, in cooperation with the purge ring 445 located below it,
functions as a baffle which prevents stray light from entering
the reflecting cavity 418 at the backside of the substrate 200.
To further reduce the possibility of stray light entering into the
reflecting cavity 418, the support ring 434 and the purge ring
445 may also be coated with a material (for example, a black
or gray material) that absorbs the radiation generated by the
lamphead 401.

[0070] The substrate support 408 may be coupled to a lift
mechanism 455 capable of raising and lowering the substrate
with respect to the lamphead 401. For example, the substrate
support 408 may be coupled to the lift mechanism 455, such
thata distance between the substrate 200 and the reflector 402
is constant during the lifting motion (i.e., motion 206).
[0071] Alternatively (not shown), the substrate support 408
can be adapted to magnetically levitate and rotate within the
process chamber 300. The substrate support 408 is capable of
rotating while raising and lowering vertically during process-
ing, and may also be raised or lowered without rotation
before, during, or after processing. This magnetic levitation
and/or magnetic rotation prevents or minimizes particle gen-
eration due to the absence or reduction of moving parts typi-
cally required to raise/lower and/or rotate the substrate sup-
port.
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[0072] Thus, methods for cooling a substrate are provided
herein. The cooling methods may be part of a rapid thermal
process (RTP), such as a spike RTP. The cooling methods
advantageously reduce a residence time that a substrate
spends proximate the peak temperature during the RTP
anneal. Reducing the residence time is beneficial, for
example, for limiting dopant diffusion while activating a
dopant implanted in the substrate and healing substrate dam-
age due to an implant process.

[0073] While the foregoing is directed to embodiments of
the present invention, other and further embodiments of the
invention may be devised without departing from the basic
scope thereof.

1. A method of cooling a substrate, comprising:

heating a substrate in a process chamber from an introduc-
tory temperature to a peak temperature of greater than
about 900 degrees Celsius; and

cooling the substrate from within about 50 degrees Celsius

of'the peak temperature by moving the substrate at a rate
of at least about 3 millimeters/second in a direction
normal to an upper surface of the substrate.

2. The method of claim 1, wherein cooling the substrate
further comprises:

moving the substrate towards a cooling plate utilized to

cool the substrate.

3. The method of claim 2, wherein cooling the substrate
further comprises:

moving the substrate to a first position having a first dis-

tance from the cooling plate; and

subsequently moving the substrate to a second position

having a second distance that is further away from the
cooling plate than the first distance.

4. The method of claim 2, wherein the cooling plate is
disposed on an opposing side of the substrate from an energy
source used to heat the substrate.

5. The method of claim 4, wherein heating a substrate
comprises:

heating the substrate with an energy source that is disposed

below the substrate.
6. The method of claim 1, wherein cooling the substrate
further comprises:
moving the substrate to a first position having a first dis-
tance from an upper surface of the process chamber; and

subsequently moving the substrate to a second position
having a second distance that is further away from the
upper surface of the process chamber than the first dis-
tance.

7. The method of claim 6, wherein heating the substrate
further comprises:

heating the substrate with an energy source disposed above

the upper surface of the process chamber.

8. The method of claim 6, wherein cooling the substrate
further comprises:

cooling the substrate with a cooling plate disposed proxi-

mate the upper surface of the process chamber.

9. The method of claim 6, wherein the first distance is
between about 1 to about 3 mm from the upper surface of the
process chamber and the second distance is at least about 6
mm from the upper surface of the process chamber.

10. The method of claim 1, wherein cooling the substrate
further comprises:
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cooling the substrate from about the peak temperature by
moving the substrate at a rate of up to about 50 millime-
ters/second in a direction normal to the upper surface of
the substrate.

11. The method of claim 1, wherein cooling the substrate
further comprises:

moving the substrate from an initial position having an

initial distance from an upper surface of the process
chamber, wherein the initial distance is less than or equal
to about 8 mm.

12. The method of claim 1, wherein cooling the substrate
by moving the substrate further comprises:

disturbing a thermally insulating fluid boundary layer dis-

posed adjacent to the upper surface of the substrate.

13. The method of claim 12, wherein moving the substrate
increases a flow rate of a gas disposed between the substrate
and an upper surface of the process chamber to greater than
about 40 slm.

14. The method of claim 12, wherein heating the substrate
further comprises:

flowing a process gas above the upper surface of the sub-

strate, wherein the process gas forms the thermally insu-
lating fluid boundary layer adjacent to the surface of the
substrate.

15. The method of claim 12, flowing a process gas from a
plurality of different locations relative to the substrate sur-
face, with the flow rate of the process gas independently
controlled to adjust the temperature distribution across the
substrate during cooling.

16. The method of claim 1, wherein a residence time
between heating the substrate from about 50 degrees Celsius
below the peak temperature and cooling the substrate to about
50 degrees Celsius below the peak temperature is less than
about 1.2 seconds.

17. The method of claim 16, wherein the residence time is
about 0.6 seconds or less.

18. A method of cooling a substrate, comprising:

heating the substrate in a process chamber from an intro-

ductory temperature to a first temperature at a first heat-
ing rate;

heating the substrate from the first temperature to a peak

temperature of greater than about 900 degrees Celsius at
a second heating rate, wherein the second heating rate is
greater than the first heating rate;

cooling the substrate from within about 50 degrees Celsius

of the peak temperature to a second temperature at a first
cooling rate by moving the substrate at a rate of at least
about 3 millimeters/second in a direction normal to an
upper surface of the substrate; and

cooling the substrate from the second temperature to an

end temperature at a second cooling rate, wherein the
second cooling rate is less than the first cooling rate.
19. The method of claim 18, wherein the second tempera-
ture is within about 80 percent of the first temperature.
20. The method of claim 18, wherein the introductory
temperature and the end temperature are between about 25 to
about 600 degrees Celsius.
21. The method of claim 18, wherein cooling the substrate
by moving the substrate further comprises:
moving the substrate to a first position having a first dis-
tance from an upper surface of the process chamber; and

subsequently moving the substrate to a second position
having a second distance that is further away from the
upper surface than the first distance.
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22. The method of claim 21, wherein the first distance is
about 1 to about 3 mm from the upper surface and the second
distance is about 6 mm from the upper surface.

23. The method of claim 21, wherein cooling the substrate
by moving the substrate further comprises:

cooling the substrate from about the peak temperature to

the second temperature by moving the substrate at a rate
of'up to about 10 millimeters/second in a direction nor-
mal to an upper surface of the substrate.
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24. The method of claim 18, wherein a residence time
between heating the substrate from about 50 degrees Celsius
below the peak temperature and cooling the substrate to about
50 degrees Celsius below the peak temperature is less than
about 1.2 seconds.

25. The method of claim 24, wherein the residence time is
about 0.6 seconds or less.
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