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APPARATUS INCLUDING INTEGRAL
ACTUATOR WITH CONTROL FOR
AUTOMATED CALIBRATION OF
TEMPERATURE SENSORS IN RAPID
THERMAL PROCESSING EQUIPMENT

RELATED APPLICATION

This application claims priority under 35 USC § 119(e)(1)
to Provisional application number 60/000,989, filed Jul. 10,
1995.

This application is a divisional of application Ser. No.
08/680,244, filed on Jul. 10, 1996, now U.S. Pat. No.
6,004,029, the entire contents of which are hereby incorpo-
rated by reference herein.

TECHNICAL FIELD OF THE INVENTION

The present invention relates to a system and method for
microelectronics device fabrication and, more particularly,
to an in-situ calibration system and method for autocalibra-
tion of temperature sensors such as multi-point pyrometry
sensors in rapid thermal processing equipment.

BACKGROUND OF THE INVENTION

Most semiconductor fabrication processes (e.g., plasma
etch, physical-vapor deposition, ion implant, micro
lithography, plasma-enhanced chemical-vapor deposition,
photoresist ash, etc.) in integrated circuit manufacturing
have moved to single-wafer fabrication equipment in order
to meet the stringent process control requirements for state-
of sub-half micron semiconductor technologies. However,
batch (or multi-wafer) furnaces still dominate thermal pro-
cessing applications due to their throughput and relatively
mature manufacturing equipment technology. Rapid Ther-
mal Processing (RTP) provides single-wafer fabrication
alternative to batch furnaces for various thermal processes
used in semiconductor manufacturing processes, including
rapid thermal anneals (e.g., transistor source/drain junction
formation, implant anneal processes, and silicide formation),
rapid thermal oxidation, and rapid thermal chemical-vapor
deposition (RTCVD) processes (e.g., for deposition of
polysilicon, silicon dioxide, silicon nitride, and amorphous
silicon).

RTP systems usually employ optical or infrared pyrom-
etry in order to measure the wafer temperature. Conven-
tional RTP systems using pyrometry sensors suffer from
wafer temperature uniformity and repeatability problems
caused by emissivity-related pyrometry temperature mea-
surement errors and lack of dynamic real-time wafer tem-
perature uniformity control. The current inventors have also
invented devices and methods for real-time measurement
and compensation of pyrometry effects (in U.S. Pat. No.
5,443,315 and 5,444,815 that are hereby incorporated by
reference). Even with real-time capability for compensation
of the wafer emissivity effects, pyrometry sensors may
experience long-term drift in their response, requiring cor-
rective actions. Thus, RTP systems require frequent pyrom-
etry sensor calibrations in order to ensure accurate and
repeatable temperature measurements and to enable reliable
temperature control. Precision calibrated pyrometry sensors
are essential for dynamic wafer temperature uniformity
control when using multi-point pyrometry probes in multi-
zone RTP systems.

Conventional pyrometry calibration techniques typically
employ wafers with bonded or electron-beam welded ther-
mocouples (to be called TC-bonded wafers). TC-bonded
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wafers with one or multiple bonded thermocouples (usually
Type K thermocouples with 0.005" diameter wires) are used
to calibrate multiple point pyrometry probes. TC-bonded
wafers with multiple bonded thermocouples require manual
handling and manual loading inside the RTP process cham-
ber. The thermocouple wires are manually extended from the
bonded junctions on the wafer inside the RTP process
chamber to the interface electronics and data acquisition
system located outside the RTP chamber. This elaborate and
time-consuming manual procedure employed in conven-
tional RTP temperature sensor calibration methods has
numerous drawbacks and limitations, particularly in semi-
conductor production environments.

One major drawback is the negative impact on overall
equipment effectiveness and utilization. Manual a and
unloading of a TC-bonded wafer can result in significant
equipment downtime and interruption of production flow.
This resulting reduction in tool utilization and availability
for production uses can increase the RTP equipment cost of
ownership (CoO). Moreover, TC-bonded wafers are expen-
sive (as much as several thousand dollars for wafers with
several bonded thermocouples) and have limited thermal
cycling lifetimes (particularly at higher temperatures such as
T>~900° C. and/or in reactive oxidizing environments). This
problem can further increase the RTP Cost-of-Ownership
(CoO expressed as cost in dollars per wafer processed) due
to increased cost of consumables for the RTP equipment.

Another problem with conventional RTP pyrometry sen-
sor calibration techniques is the need to break the chamber
vacuum in vacuum RTP systems (such as the RTP modules
used in silicide and metallization cluster tools) when manu-
ally loading and unloading the TC-bonded wafers. In
vacuum RTP systems, breaking the chamber vacuum
requires a subsequent post-calibration chamber pump-down
cycle in order to reestablish the chamber base pressure and
required vacuum integrity. The extended equipment down-
time due to the vent and pump cycles can increase the CoO.

Another significant problem with conventional RTP
pyrometry sensor calibration techniques is exposing the RTP
process chamber to the external atmospheric environment.
Exposure of the process chamber to the external ambient
environment can lead to moisture adsorption and contami-
nant introduction into the RTP process chamber. Contami-
nants that enter the process chamber can lead to contami-
nated wafers during production and subsequent
manufacturing yield loss. Additionally, manual handling and
loading/unloading of the TC-bonded wafer further increases
the chance of progressively contaminating the TC-bonded
wafer and subsequently compromising the RTP process
chamber cleanliness. This can result in manufacturing yield
loss and further degradation of the RTP CoO due to
increased wafer defect density.

SUMMARY OF THE INVENTION

Therefore, a need has arisen for a precise substrate
temperature sensor autocalibration technique that eliminates
the need for TC-bonded wafers and manual handling
(loading and unloading) of TC-bonded calibration wafers
with respect to the RTP process chambers.

A further need exists for an RTP temperature sensor
autocalibration apparatus and method that eliminates the
need to expose the RTP process chamber to the external
atmospheric ambient in RTP systems and associated atmo-
spheric contaminants.

A further need exists for an RTP temperature sensor
autocalibration apparatus and method that eliminates the
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need to break the RTP chamber vacuum (i.e., venting the
RTP chamber to atmospheric ambient when loading/
unloading of the TC-bonded wafer) in vacuum or low-
pressure RTP fabrication equipment.

A further need exists for a substrate temperature sensor
autocalibration apparatus and method that can perform rapid
in-situ autocalibration of multi-point temperature sensors
(e.g., multi-point pyrometry sensors) using in-situ sensor
calibration devices in multi-zone pyrometry systems.

A further need exists for an RTP temperature sensor
autocalibration apparatus and method that can perform
multi-point RTP temperature sensor calibrations using a
silicon wafer without bonded thermocouples that can be
loaded and unloaded using an automated wafer handling
system, such as in an RTP equipment with automated robotic
wafer handling.

A further need exists for a substrate temperature sensor
autocalibration apparatus and method with an extended
useful thermal cycling lifetime and minimal degradation
over that lifetime.

A further need exists for an RTP sensor autocalibration
apparatus and method that eliminates the possibility of RTP
chamber and process contamination due to the sensor cali-
bration process

A further need exists for an RTP sensor autocalibration
apparatus and method that allows automated in-situ calibra-
tion of the RTP temperature sensors on a first calibration
wafer loaded along with every wafer cassette to enable a
rapid in-situ pyrometry calibration cycle prior to processing
each batch of products wafers. Alternatively, this method-
ology may be used on only a fraction (e.g., one out of ten)
wafer cassettes in production applications.

In accordance with the present invention, an RTP com-
patible substrate temperature sensor calibration system and
method are provided that substantially eliminate or reduce
disadvantages and problems associated with previously
developed and known temperature sensor calibration tech-
niques.

More specifically, a system is provided that calibrates
substrate temperature sensor automatically. The calibration
system includes a temperature-sensitive probe associated
with the substrate temperature sensor to calibrate the sub-
strate temperature sensor and an actuator to position the
temperature-sensitive probe relative to the substrate during
a real time in-situ calibration cycle. The actuator (for probe
extension and retraction) and temperature-sensitive probe of
the automatic calibration system can be incorporated into the
thermal processing equipment such as in the RTP process
chamber in order to maintain the thermal processing equip-
ment integrity and establish enhanced calibration capability
and functionality during a calibration cycle

Also provided is a method that allows for automatic
calibration of substrate temperature sensors such as pyrom-
etry sensors in manufacturing equipment such as RTP sys-
tems. The method of the present invention involves extend-
ing a temperature-sensitive probe to a point near or
contacting the substrate located within the manufacturing
equipment process chamber, ramping the substrate tempera-
ture up and down, collecting temperature readings from both
the substrate temperature sensor (or sensors) and the
temperature-sensitive probe (or probe) using an automated
data acquisition system, extracting the real-time calibration
parameters over a finite or an extended temperature range
for the substrate temperature sensor (or sensors) in the
systems employing multi-point sensors, and retracting the
temperature-sensitive probe (or probes) away from the sub-
strate at the conclusion of the calibration cycle.
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An important technical advantage of the present invention
is that it provides an RTP-compatible substrate temperature
sensor autocalibration technique that eliminates the need for
TC-bonded wafers and manual handling (loading and
unloading) of the TC-bonded calibration wafers. This elimi-
nates the need to break the RTP chamber vacuum (i.e.,
venting the chamber to atmospheric ambient for loading/
unloading of the TC-bonded wafer) in vacuum RTP systems.

Another technical advantage of the present invention is
that it eliminates the need for exposure of the RTP process
chamber to the external atmospheric ambient in atmospheric
RTP systems. This further eliminates the possibility of
contamination introduction into the RTP chamber due to
exposing the process chamber when manually handling
TC-bonded calibration wafers. This greatly reduces RTP
equipment and process contamination due to uncontrolled
and/or unknown contamination sources.

The present invention provides the further technical
advantage of a much longer useful calibration probe life, and
negligible degradation of probe integrity over the lifetime of
the calibration elements.

Yet another technical advantage of the present invention
is that it provides a capability for rapid in-situ calibration of
multi-point temperature sensors using in-situ sensor calibra-
tion devices. The present invention allows automated in-situ
calibration of the RTP temperature sensors on a calibration
wafer loaded along with some wafer cassettes to enable a
rapid in-situ pyrometry calibration cycle prior to processing
each batch of wafers (e.g., one periodic calibration for every
50-100 wafers).

Still another technical advantage of the present invention
is that it allows multi-point RTP temperature sensor calibra-
tions using any silicon wafer or other substrates (without
bonded thermocouples) capable of being loaded into and
unloaded from the RTP process chamber using an automated
wafer handling system, such as a wafer handling robot.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion and the advantages thereof, reference is now made to
the following description which is to be taken in conjunction
with the accompanying drawings.

FIG. 1 shows a schematic view of one embodiment of the
present invention;

FIG. 2 illustrates a schematic diagram of an RTP system
utilizing one embodiment of the present invention;

FIG. 3A shows another embodiment of the present inven-
tion in the retracted or idle position;

FIG. 3B shows the same embodiment of the present
invention in the extended or activated position;

FIG. 3C shows one embodiment of a driver circuit used
for controlling the probe’s positions in the present invention;

FIG. 4 shows one embodiment of a driver circuit used for
a multi-point sensor calibration system in a combination of
the present invention;

FIG. 5 shows graphs of current and switch states of the
driver circuit of FIG. 3C;

FIG. 6 shows a graph of a typical temperature profile
during a calibration cycle;

FIG. 7 shows an embodiment of the present invention
incorporating a ferromagnetic jacket;

FIG. 8 shows a graph of a voltage ramp that could be used
to control the motion of the embodiment of FIG. 7;

FIG. 9 shows a graph of an AC signal that could be used
to measure the inductance of coil AB in the embodiment of
FIG. 7, and
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FIG. 10 shows an embodiment of a sensor circuit that
could be used to sense the position of the probe of FIG. 7.

DETAILED DESCRIPTION OF THE
INVENTION

Preferred embodiments of the present invention are illus-
trated in the FIGUREs like numerals being used to refer to
like and corresponding parts of the various drawings.

CVC Products, Inc. (CVC) has designed and built a
state-of-the-art multi-zone RTP system that overcomes tem-
perature measurement and control problems in prior art
commercial RTP systems, including the need for manually
loaded TC-bonded wafers for pyrometry sensor calibration.
CVC’s RTP equipment design is based on the Universal
Thermal Module™ (UTM™) technology and a unique
backside/bottom wafer heating and frontside/top gas inject
configuration using a highly reflective showerhead. In this
configuration, the semiconductor wafer is placed face up
(device side facing up and opposite the illuminator source)
within the RTP chamber. The wafer is rotated using an
ultraclean gearless rotation mechanism and heated on the
backside by an axisymmetrical multi-zone illuminator
through a substantially transparent quartz window. CVC’s
multi-zone illuminator employs multiple tungsten-halogen
bulbs in five or six circular zones plus a single-bulb center
zone for uniform heating of wafers up to 200 mm in
diameter. This design can be scaled for processing larger
wafers. For instance, 7-9 circular zones plus a single-bulb
center zone may be used for uniform processing of 300-mm
silicon wafers. The combination of an axisymmetrical RTP
process chamber, vibration-free wafer rotation, and axisym-
metrical multi-zone illuminator ensure an axisymmetric
wafer temperature pattern, irrespective of the wafer backside
and frontside emissivity conditions (even for non-
axisymmetric wafer emissivity patterns).

The present invention provides an RTP-compatible sub-
strate temperature sensor autocalibration system and method
to calibrate substrate temperature sensors such as pyrometry
sensors in thermal substrate processing equipment such as in
RTP systems to achieve accurate and repeatable temperature
measurements in an RTP system. One embodiment of the
present invention employs at least one solenoid-actuated
thermocouple calibration probe embedded within the RTP
gas showerhead. In a multi-zone RTP system using multi-
point pyrometry sensors, multiple solenoid-actuated thermo-
couple calibration probes may be used. For instance, CVC’s
multi-zone RTP system with a five-zone or six-zone illumi-
nator and five pyrometry probes (to monitor the center-to-
edge temperature profile) employs five solenoid-actuated
thermocouple calibration probes embedded and distributed
within the gas showerhead. This embodiment of the present
invention is manufactured by CVC Products, Inc. as the
Multi-Point Pyrometry Autocalibration (MultiPac™) sys-
tem.

FIG. 1 shows a schematic diagram of one embodiment of
calibration probe 10 of the present invention including
temperature sensing device 15 (thermocouple probe) con-
tained within probe housing 11 and actuator 19. Temperature
sensing device 15 of FIG. 1 comprises a solenoid-actuated
thermocouple probe tip 110. Alternatively, other temperature
sensing calibration devices such as a thermistor could be
used in the present invention. Probe housing 11 can be
constructed from a metallic tubing (preferably 316L stain-
less steel) with a circular diameter of 0.25" or less to contain
solenoid-actuated thermocouple probe 15. The small diam-
eter (e.g., <~Vis") thermocouple probe 15 may include a
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ceramic or metallic protective jacket. Cylindrical ferromag-
netic jacket 12 can fixably attach to the thermocouple probe
15 to form a jacket such that movement up and down of
ferromagnetic jacket 12 translates into movement up and
down of thermocouple probe 15. The ferromagnetic jacket
12 thickness can occupy nearly the entire space between the
outer diameter of thermocouple calibration probe 15 and the
inner diameter of probe housing 11. Ferromagnetic jacket 12
can be constructed of nickel-plated iron or 1018 steel, and
may be covered or coated with a thin layer 101 of Teflon (or
other suitable material for low sliding friction) to provide
smooth up/down actuation and motion of thermocouple
probe 15 within the stainless steel tubing of probe housing
11.

Calibration probe 10 of the present invention should
include temperature sensing device 110 (a thermocouple or
other suitable sensor such as thermistor) with a very low
thermal mass in order to minimize disturbance of the wafer
temperature and to maximize the temperature measurement
speed during an autocalibration process. The diameter of
thermocouple probe tip 110 should be, preferably, less than
1 millimeter. Thermocouple probe tip 110 may be placed in
a protective housing 111 within probe housing 11. Protective
housing 111 may be made of ceramic, stainless steel, Mo, or
a nonmagnetic refractory material such as nickel. A high
thermal conductivity material is preferred for protective
housing 111 in order to minimize any temperature calibra-
tion error.

In the embodiment of FIG. 1, thermocouple probe 15
includes thermocouple lead wires 14 that connect to
feedthrough leads 16 on thermocouple vacuum-grade top
cap flange 17 with thermocouple compatible feedthroughs.
Thermocouple lead wires 14 have enough length between
the point of connection with thermocouple probe 15 and
vacuum-grade feedthrough lead 16 connections to allow
full-scale up/down motion of thermocouple probe 15
between the fully extended (down) position and fully
retracted (up) position. Forming thermocouple lead wires 14
into soft extendable springs will allow this movement with-
out damage to the thermocouple lead wires and without
providing excessive resistance to thermocouple probe 15 up
and down motions as controlled by actuator 19. Calibration
probe 10 shown in FIG. 1 includes pump/purge line 96 that
allows calibration probe 10 to operate in a purged gas flow
condition in an RTP system. This will eliminate the possi-
bility of probe housing contamination or degradation over
time due to process gases.

Actuator 19 shown in FIG. 1 comprises a cylindrical
solenoid actuator 19 placed around probe housing 11. Sole-
noid actuator 19 may consist of a single solenoid coil 18 or,
as shown in FIG. 1, a series of several solenoid coils 18.
Solenoid coils 18, labeled coil 1-4, connect wires capable of
carrying current to coil terminals 13, labeled coil terminal
A-E. These coil terminals 13 receive electrical control
signals in the form of electrical current and relay instruc-
tions. Coil terminal A connects to the top of coil 1, coil
terminal E connects to the intersection of coil 1 with coil 2,
coil terminal C connects to the intersection of coil 2 with coil
3, coil terminal D connects to the intersection of coil 3 with
coil 4, and coil terminal E connects to the bottom of coil E.
Coil terminals 13 couple solenoid coils 18 to an electric
current source (or a plurality of current sources) that feeds
current to solenoid coils 18. The current flow through
solenoid coils 18 creates a magnetic field force emanating
from solenoid 19 that moves thermocouple probe 15 by
attracting or repelling ferromagnetic jacket 12 fixably
attached to thermocouple probe 15 sidewall. As shown, the





















