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APPARATUS AND METHOD FOR THERMAL PROCESSING
OF SEMICONDUCTOR SUBSTRATES

REFERENCE TO RELATED APPLICATION |
‘The present application claims priority from provisional application no.
60/108,313 filed November 13, 1998.: Provisional épplicafion no. 60/108,313 is
hereby incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION
1. Field of the invention :' |
The field of the present invention relates in general to semiconductor
processing. More particularly, the field of the invention relates to a system and
method for thermally processing sémicdnductor substrates using a. hot plate-
based system. o

2. Background

Diffusion furnaces have been widely used for thermal processing of
semiconductor device materials (such as semiconductor wafers or other
semiconductor substrates). The furnaces typically have a large thermal mass -
that provides a relatively uniform and stable temperature for processing.
However, in order to achieve uniform results, it is necessary for the conditions
in the furnace to reach thermal equilibrium after a batch of wafers is inserted
into the furnace. Therefore, the heating time for wafers in a diffusion furnace
is relatively long, typically exceeding ten minutes.

As integrated circuit dimensions have decreased, shorter thermal
processing steps for some processes, such as rapid thermal anneal, are desirable
to reduce the lateral diffusion of dopants and the associated broadening of

feature dimensions. Thermal process duration may also be limited to reduce -
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forward diffusion so the threshold voltage of the MOS transistors does not shift.
As aresult, the longer processing times inherent in conventional diffusion
furnaces have beeoﬁle undesirable for many proce'sses.. In addition, increasingly
stringent requirements for process control and repeatability have made batch
processing undesirable for many applications. As an alternative to diffusion
furnaces, single wafer rapid thermal processing (RTP) systems have been
developed for rapldly heatmg and cooling wafers. Most RTP systems use high
intensity lamps (usually tungsten—halogen lamps or arc lamps) to seleetwely
heat a wafer within a cold wall, clear quartz furnace. Since the lamps have very
low thermal mass, the wafer can be heated rapidly. Rai:id wafer cooling is also
easily achieved since the hegt source may be turned off instantly without
requiring a slow temperatlire ramp down. Lamp heaﬁng_ of the wafer minimizes
the thermal mass effects of the process chamber and ailows rapid real-time
control over the wafer temperature Whlle smgle wafer, lamp-based RTP
reactors provide enhanced Process control then' throughput is substantially less
than batch furnace systems _

While lamp-based RTP systems allow rapid heating and cooling, it is
difficult to achieve repeatable, uniform wafer processing temperatures using
them, particularly for larger wafers (200 mm and greater). The temperature
unifomﬁty is sensitive to the uniformity of the optical energy absorption as well
as the radiative and convective heat losses of the wafer. Wafer temperature
nonuniformities usually appear near wafer edges because radiative heat losses-
are greatest at the edges. During heating the wafer edges may, at times, be
several degrees (or even tens of degrees) cooler than the center of the wafer. At
high temperatures, generally greater than nine hundred degrees Celsius (900°C),
this nonuniformity may produce crystal slip lines on the wafer (particularly near
the edge). To minimize the formation of slip lines, insulating rings are often
placed around the perimeter of the wafer to shield the wafer from the cold
chamber walls. Otherwise, wafer temperature non-uniformity may lead to non-

uniform material properties such as alloy content, grain'size, and dopant.
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concentration. These non-uniform material properties may degrade the circuitry
and decrease yield even at low temperatures (generally less than 900°C). For
instance, temperature uniformity is critical to the formation of titanium silicide
by post deposition annealing. The proper alloy is formed only within a range of
temperatures of several degrees. In fact, the uniformity of the sheet resistance
of the resulting titanium silicide is regarded as a standard measure for
evaluating temperature uniformity in RTP systems because it so sensitively
reflects the precise temperature at which the silicide was formed.

Wafer temperature levels and uniformity must therefore be carefully
monitored and controlled in lamp-based RTP systems. Optical pyrometry is
typically used due to its noninvasive nature and relatively fast measurement
speed which are critical in controlling the rapid heating and cooling in RTP. .
However, accurate temperature measurement of wafer temperature using optical
pyrometry depends upon the accurate measurement of the intensity of radiation
emitted from the wafer and upon the wafers radiation emitting characteristics or
emissivity. - Emissivity is typically wafer-dependent and depends on a range of
parameters, including temperature, chamber reflectivity, the wafer material
(including dopant concentration), surface roughness, and surface layers
(including the type and thickness of sub-layers), and will change dynamically
during processing as layers grow on the surface of the wafer. In addition,
radiation from heat sources, particularly lamps, reflect off the wafer surface and
interfere with optical pyrometry. This reflected radiation erroneously augments
the measured intensity of radiation emitted from the wafer surface and results in
inaccurate wafer temperature measurement. It is therefore preferable in the
interest of reduced system complexity and cost of processing in an RTP system
to have means for controlling the wafer temperature other than one requiring it
to be accurately measured such as is required with the lamp-based systems. It is
desirable from the standpoint of cost per wafer processed (avoidance of
expensive wafer emissivity measurement apparatus) to be able to control the

process by keeping the wafer teniperature within the desired processing range
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without directly measuring the wafer temperature.

_ In order to overcome thé disadvantaggs of lamp heated RTP systems, a
féw systenis have been proposed which use a resistively heated plate. Such
hefated plates provide a relatively large thermal mass with a stable temperature.
The inherent temperature unifom_l_iiy of wafer heating by a plate (whose lateral
thermal conductivity is high compared with that of the wafer) is superior to that
ofa wafer by itself, such as is characteristic of the common lamp-based RTP
systems. 'Thercfore, by employing such a plate or susceptor for wafer heating,
where the temperature uniformity of a wafer on the block is measured and is
made to be'WeH within specifications prior to usage for device wafer processing,
the wéfer temperatﬁre can be made to be highly uniform during processing.

While heated plate rapid thermal processors provide a stable temperature
on the heated platé_ ﬂi_a't'may be measured using a thermocouple, problems may
be encountered with waf_'ef temperature nonuniformities. Wafers may be heated
by placing them near the heated plate rather than on the plate. In such systems,

- the edges of the wafer may have large heat losses which lead to nonuniformities

as in lamp heated RTP systems. Even when a wafer is placed in contact with a
heated pléte, there may be nonuniformities. The heated plate itself may have -
large edge losses, because: | 1) the corners and edges of the plate may radiate
across a wider range of angles into the chamber; 2) vertical chimney effects may
cause larger ?ccm:'vecti_ve heat losses at the edges of the heated plate; and 3) the
edges of the -heated_ plate may be closer to cold chamber walls. These edge
losses on the plate may, .in. turn, cause temperature nonuniformities in a wafer
placed on the plate, o | |

In addition, heat loss and temperature uniformity across the wafer
surface varies with temperature and pressure. Conductive heat transfer between
two objects (such as the wafer and the cold chamber wall) is proportional to the
temperature diﬂ'erence. between the objects and radiative heat transfer is
proportional to the difference of the temperatures raised to the fourth power
(T,*T,"). Thus, the difference in heat losses across the wafer surface (resulting.
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in wafer temperature differences) will increase at higher processing
temperatures. ‘In addition, the pressure in the chamber may affect the wafer
témperature profile since heat transfer at low pressures is predominantly by
radiation, while heat transfer at higher pressures involves a combination of
radiation, conduction and convection. '

Another important aspect of a thermal processing system is its ability to
provide the same wafer temperature to a cassette of wafers regardless of the
thicknesses and types of layers on the wafer backside. During processing
wafers for the same process may have varying backside coating(s) most
commonly of silicon, silicon dioxide or silicon nitride. These coatings will tend
to cause variation in the emissivity of the wafer backside which will affect the
heating rate of the wafer and its equilibrium temperature when radiation is an
important part of the heat flow in the system. It is not uncommon for wafers
with the same process needed on the front side to have different backside
coatings or none at all.. Thus, in order for a system to be commercially viable it *
must process such wafers in such a manner as to yield effectively the same
wafer temperature regardless of the backside coatings. When the front of the
wafer is exposed to a substantially cooler top or walls in a heated plate system, -
the wafer temperature may vary significantly with the backside emissivity
whenever the radiative heat transfer is a significant part of the heat flow from
the heater to the wafer. Were it possible to have the temperature of the wall
nearer to that of the wafer there would be less dependence of the wafer
temperature on the emissivity of the wafer backside.

Conventional heated plate processing systems also tend to be energy
inefficient. The heated plate is maintained at a high temperature with constant
conductive, convective and radiative losses to the cold chamber walls.  While
conductive and convective losses may be reduced at lower pressures, this also
inhibits the heat transfer to the wafer. At low pressures where heating is
primarily radiative, the wafer may be significantly cooler than the heated plate
particularly when proximity heating is used. This makes the wafer temperature
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difficult to control. Further, at low pressures where radiation is the primary
mechanism for heat transfer, the variance in wafer temperature uniformity
across temperature ranges may be greater because heat transfer by radiation is
proportional to the difference between surface temperahﬁes raised to the fourth
power (T,*-T,*). Thus, decreasing pressure to increase energy efficiency may

make the wafer temperature and uniformity more difficult to control.

- SUMMARY OF THE INVENTION

One aspect of the present invention provides a semiconductor substrate

processing system and thermal processing method. The processing system
comprises a base (or primary) resistive heater and an edge (or peripheral)
resistive heater for heating one or more blocks having a large thermal mass, and
insulating walls surrounding the heaters and the block(s) for insulating a thermal

processing region. The system dimensions and processing parameters are

. preferably selected to pmvid¢ a substantial heat flux to the substrate while

reducing the potential for heat loss to the surrounding environment, particularly
from the edges of the heated block and the substrate. The heat source
(comprising the resistive heaters and the heated block) provides a wafer
temperature uniformity profile that is substantially constant across a large
temperature range at low chamber pressures. -

In one aspect of the present invention, one or more semiconductor
substrates may be simultaneousljr transferred from a storage cassette into a load
lock; from the load lock into a processing chamber by passing the substrates
through a port in a wall of the processing chamber; and thence onto support pins
capable of raising and lowering the substrate(s) relative to the heated block.
The heated block receives heat from dual resistive heaters comprising a primary
or base resistive heater located below the heated block, and a peripheral or edge
heater positioned substantially around the edges of the base heater. In one
embodiment of the invention, the heaters may be fabricated from silicon carbide

coated graphite. Temperature measuring sensors such as thermocouples and
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optical pyrometers may be inserted into or placed adjacent the heated block; in
one aspect of the present invention, a thermocouple is arranged such that its tip
opposes that of an optical pyrometer. The thermocouple may be used to
calibrate the optical pyrometer. -

Preferably, the heated block and the resistive heaters are substantially
enclosed within insulating walls that form the thermally insulated cavity. Itis
an advantage of one aspect of the present invention that the insulated cavity be
formed by multiple layers of these insulating walls, and the layers may be
arranged in a substantially concentric manner. The innermost insulating walls
on the top, bottom, and sides of the insulated cavity may comprise silicon
carbide coated graphite, and the outer walls may comprise opaque quartz. In -
one aspect of the invention, there may be three layers of insulation at the top
and bottom of the cavity, and two layers of insulation around the sides, thus
forming a compact design. Insulating layers that form the bottom of the
insulated cavity may be supported by posts that also serve to space apart the
bottom insulating walls from the bottom chamber wall and the heater block. An"
insulating shutter may be moved adjacent to the entrance port to reduce heat
loss from the thermally insulated cavity when substrates are not being
transferred into and out of the chamber.

- The dual heater system and multiple layers of insulation provide a high-
level of thermal uniformity within the chamber, and this umform1ty may be
maintained across a wide range of temperatures.

An additional aspect of the present mvenﬁon includes sleeves that
surround the elevational pins which raise and lower the substrate relative to the
heated block. The sleeves help to isolate the regions of the chamber containing
the resistive heaters from the thermal cavity in which the substrates are
processed, and serve to substantially prevent gases containing trace metals in
the vapor phase (originating from the resistive heaters) from contaminating the
substrates. The sleeves may comprise clear quartz, opaque quartz, silicon

carbide, or some other ceramic.

-7-



10

15

20

25

30

- WO 00/29799 - : PCT/US99/26861

An additional aspect of the present invention includes a vacuum spool or
baffle inserted within the foreline of the exhaust system. The spool has a large
éonductance pathway for exhausting the region of the processing chamber -
containing the heaters, and a small conductance pathway for exhausting other
regiﬁns of the chamber not containing heaters. Furthermore, the spool assists in
protecting sensitive components of the exhaust system, such as sealing o-rings,
by lowering the temperature of the exhaust gases before they enter the vacuum
pump(s)l The spool also acts to reduce heat loss from the chamber.

Aspects of the present invention include methods of using the thermal
processing system. One of the critical attributes of these methods is the
pressure _at_which the system is operated, since pressure helps to determine the
rate of the fcmperature ramp. A single processing step may be employed if the
load lock preésure is the same as the processing pressure; a three step process
may be used if the load lock pressure is different from the processing pressure.
Typical load lock pressures for steps 1 and 3 are about 2 to 3 Torr, but may be
as high as 100 Torr; exemplary processing pressures in step 2 range from 10 to
50 Torr, and any range subsumed therein. -

-BRIEF DESCRIPTION OF THE DRAWINGS
These and other features and advantages of the present invention wilt

become more apparent to those skilled in the art from the following detailed
description in conjunction with the appended drawings in which:

Figure 1 is a side cross-sectional view of a thermal processing chamber
according to an embodiment of the present invention;

~ Figure 2 is a side cross-sectional view of a thermal processing chamber

taken at a direction perpendicular to the cross-section of figure 1;

Figure 3 is a side cross-section of a portion of an exemplary thermal
processing chamber showing a sleeve around an elevational pin;

Figure 4 is an exemplary base or primary heater;

Figure 5 is an exemplary edge or peripheral heater;
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Figure 6 is a side cross-section of a portion of an exemplary thermal
processing chamber showing a thermocouple inside a support post; and an
c->ptical pyrometer opposing the tip of the thermocouple;

Figure 7 is a cross-section of a support post;

Figure 8 is a three-dimensional view of a thermal insulating shutter;

Figure 9 is a cross-section of a gas injector having a port for an optical
pyrometer; '

Figure 10 is a side cross-section of a portion of an exemplary thermal
processing chamber showing a vacuum spool in the foreline of an exhaust
system,

.Figure 11 is a three-dimensional view of a vacuum spool; -

Figure 12 is an exemplary three-step process.

- DETAILED DESCRIPTION

'As a result of the problems associated with conventional heated plate

- rapid thermal processors, they have not been widely adopted in the industry as a

viable alternative to lamp heated RTP systems. Currently, the RTP market is

~ dominated by lamp based systems and despite the many problems associated

with such systems, they have been widely accepted over proposed heated plate
approaches. Despite the potential that heated plate approaches offer for a stable
and repeatable heat source, it is believed that problems with energy efficiency,
uniformity, temperature and heating rate control, and the deployment of fragile,
noncontaminating resistive heaters have made such systems unsuccessful in the
marketpla;cc.

What is needed is a system and method for rapid thermal processing
with a stable and repeatable wafer-heating surface that provides a high level of
wafer temperature uniformity across a wide range of temperatures (400°C to
1200°C). Preferably, the heating surface would be maintained at a high
temperature without necessitating rapid heating and éooling-of the heat source

for the wafer heater. Preferably, such heat source could give such flexibility of
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control over temperature uniformity assured irrespective of the processing
temperature. In addition, such a system would preferably be energy efficient
\;vhile providing accurate wafer temperature control that is substantialiy
independent of variances in wafer backside emissivity and would allow a cold
walled chamber to be used.. Preferably such a system would also provide
substantially improved throughput over conventional single wafer RTP systems
while maintaining a high level of process temperature control and wafer
temperature uniformity. Such a system would also preferably provide a
compact heating source that is not significantly larger than the wafers being
heated. _ :

What is also needed is a system for thermal processing of a wafer using
a heater plate (whose upper surface provides heat to the wafer) with either a
large and thermally stable mass, or with a rapid-ramp, high power heater (which
allows the rate of heating to be rapidly adjusted) to replenish heat lost by the
plate to.the wafer to achieve desired stable plate temperafure. Preferably such a
system would allow a wafer to be heated at a rapid rate until a desired
temperature is achieved and then allow the rate of wafer heating to be quickly
adjusted to maintain the temperature at a relatively constant level. In addition,

such a system would preferably allow thermal processing of wafers witha

. desired temperature profile, uniformity and throughput competitive with

conventional lamp RTP systems.

Requirements for future wafer processes will probably include -
temperature uniformity within a few degrees C for every wafer. These-
processes are also likely to require temperature stability for wafers within a
cassette or from one cassette to succeeding cassettes of about one degree C.
This will mean that processing systems must have wafer temperature
independent of backside emissivity to within a few degrees C. Reduction of
cost for wafer processing will also require excellent heat efficiency to avoid
energy waste and excessive cooling system cost. :

Above a certain temperature (about 900°C) in some systems there may
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be increased sensitivity of a wafer’s temperature to its backside emissivity. This
may be due, in part, to a heat shield/hood above the wafer that is in radiative -
equilibrium at a temperature well below that of the heater plate or wafer (when
it is at process temperature). Therefore, the wafer “sees” a large surface area
which is much colder than it is and consequently its temperature is dependent on
the emissivity of its backside. This will increasingly found to be unacceptable
for reasons of efficiency of the use of RTP machines within the factory of the
future — different recipes for wafers with different processing history
complicates the operation of the factory using such RTP systems. -

For the range of processes when including those at higher temperatures
there will also be greater difficulty with wafer temperature uniformity due to the -
temperature non-uniformity’s of the heater plate. This non-uniformity is due to
the varying relative importance of radiative and conductive cooling of the edge
of the plate. This effect cannot easily be remedied over the large temperature
range required for the full set of wafer processes while using a single heating
element. |

When ﬁrocessing'wafers rapidly at higher temperatures it happens that
the wafers carry significant heat away from the wafer heating plate as they are
removed from the hot plate. This continues to be true even when that plate has-
many times the mass and heat capacity of the wafer. In this case it is necessary -
for the control system which provides power to heat the plate to rapidly and
accurately sense the temperature change and increase power to maintain its
temperature at the proper level. Even so, the wafer temperature is also-
influenced by the temperature of the hood which provides heat shielding above
the wafer. As the cold wafer is introduced into the heated cavity formed by the
heater plate and the hood/heat shield it reduces the amount of power radiating to
the hood by blocking/absorbing the radiation coming from the plate. This drops
the hood temperature until it finds its substantially radiative equilibrium
temperature. The colder hood then causes the temperature of succeeding'wafers
to be cooler, despite the fact that the heater plate temperature is held adequately

-11-
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constant. When wafers are processed with a high duty cycle (so as to increase
the efficiency of use of the machine) this problem worsens as the process (and
plate) temperature increases, causing an unacceptable decrease in wafer
temperature from the first wafer of a batch to the later wafers

When using such a hot plate system because of the rapid temperature
changes of the plate when loading cold wafers it is necessary to measure the
plate temperature with very fast time response in order to rapidly respond to and
compensate for that temperature change. When using thermocouples in such a
system (as have been used traditionally) it is difficult to get such fast time
response while at the same time protecting the wafer environment from
contamination by metal from the thermocouple. Semiconductor wafers are
exceedingly sensitive to such metals and may be poisoned by as little as 10° of
a monolayer over the wafer surface. Such metallic elements migrate rapidly in
such a hot system where their vapor pressure is not zero and thérefore must be
vacuum-isolated from the wafer environment.- This vacuum isolation must be
accomplished by some material such as a ceramic protective layer which -
unavoidably reduces the rapidity of response of the thermocouple to the plate
temperature change. Such rapid temperature sensing can be done by a
pyrometer but such pyrometers are prone to drift in their readings due to surface
coating, contamination or other material changes. This drift in temperature
readings is unacceptable for semiconductor manufacturing where wafer
temperature must not vary over time or from batch to batch.

Aspects of the present invention provide thermal processing systems and
methods which address many of the problems associated with conventional hot-
plate based RTP systems. The following applications are intended to
supplement the disclosure hereof and describe thermal processing related
configurations, features and processes that may be used in conjunction with
aspects of the present invention: U.S. Patent Application Serial No. 08/499,986,
titled “System and Method for Thermal Processing of a Semiconductor

. Substrate,” filed July 10, 1995, by Kristian E. Johnsgard, Brad S. Mattson,
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James McDiarmid and Vladimir J. Zeitlin, U.S. Patent Application Serial No.
08/876,788, titled “System and Method for Thermal Processing of a
Semiconductor Substrate,” filed June 16, 1997, by Kristian E. Johnsgard, Brad
S. Mattson, James McDiarmid and Vladimir J. Zeitlin, U.S. Patent Application
Serial No. 08/923,661, titled “System and Method for Rapid Thermal
Processing,” filed September 4, 1997, by Stephen E. Savas;, U.S. Provisional
Patent Application Serial No. 60/067,299, titled “Systems and Methods for Low
Contamination, High Throughput Handling of Workpieces for Vacuum
Processing,” filed November 28, 1997, by Fred Tabrizi, Barry Kitazumi, David
A. Barker, David A. Setton, Leszek Niewmierzycki and Michael J. Kulman,
U.S. Provisional Patent Application Serial No. 60/092,563, titled “A Model
Based Method for Wafer Temperature Control in a Thermal Processing System
for Semiconductor Manufacturing,” filed July 13, 1998, by Stephen E. Savas,

- Martin L. Hammond, Robert Mueller and Jean-Frangois Daviet, U.S.

Provisional Patent Application Serial No. 60/092,759, titled “Cleaning Process
for Rapid Thermal Processing System,” filed July 13, 1998, by Stephen E.
Savas, Martin L. Hammond and Jean-Frangois Daviet, and U.S. Patent
Application Serial No. 09/140,614, titled “Method and Apparatus for Thermal -
Processing of Semiéonductor Substrates,” filed August 26, 1998, by Stewart K. -
Griffiths, Robert H. Nilson, Brad S. Mattson and Stephen E. Savas, each of
which is hereby incorporated herein by reference in its entirety.

One aspect of the present invention provides a semiconductor substrate
processing system and method using a stable heating source with a hot-plate-
based wafer heating system. The system’s dimensions and processing
parameters are preferably selected to provide a substantial heat flux to the wafer
while minimizing heat loss to the surrounding environment (particularly from
the edges of the hot plate, heat source and wafer(s)). The hot plate is mostly
radiatively heated by resistively heated elements provided with current from an
external power supply controlled by a control system. The hot plate provides a

wafer temperature uniformity profile that has a low variance across té.fnperature
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ranges at low to moderate pressures. This may be accomplished in one

embodiment of the invention by providing insulation covering the hot plate,-

except for openings shaped to receive semiconductor wafer(s), including at

its/their edges and corners. This insulation is by a noncontaminating; partially
transmissive insulating material which is spaced at least some small distance
from the plate. Thus the entire plate is substantially'enclosed within an
insulated cavity within which the wafer(s) is/are heated by the plate. A region
of thermal isolation is preferably provided between the hot plate and the . -
insulating material as well as between the insulating material and the chamber
wall. Heat transfer across the isolation regions is primarily by radiation and to a
somewhat lesser degree by conduction or convection, while heat transfer
through the insulating material is by conduction and to some extent radiation
diffusion. The wafer(s) is/are placed on or near the hot plate within the vacuum
cavity for heating by conduction and radiation. '
- Itis an advantage of this aspect of the present invention that the reactor
heating profile may be adjusted to provide a high level of processing uniformity
of the wafer across a wide range of temperatures. To accomplish this a very
even and consistent temperature uniformity profile of the wafer must be
achievable for a wide range of temperatures. This can be done with a two (or
more) zone heater for the plate providing flexibility in the spatial distribution of
heat deposition in the plate which is required to offset the variation with .
temperatufe in the spatial dependence of heat losses from the plate. The proper
tefrxp_erature profile of the heater plate (which may be achieved at any

temperature in the range for processes) then causes the variation of the

temperature across the wafer(s) to be reduced to acceptable levels for any -

process temperature. In general, as the processing temperature changes the:

relative power levels of the two or more heaters for the hot plate will have to
change in order that the optimal temperature uniformity be achieved on the -
wafers. This is due to the fact that the two or more heaters must balance the

heat losses from various parts of the hot plate whose relative values change as
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* the desired hot plate temperature changes. ~ * -

- In one possible embodiment the two (or more) zone heater includes a
fadiant base heater, also called the principal heater, on the opposite side of the
plate from the wafer and one or more supplemental heaters which surround the
edge of the plate. The base heater may have a spatially non-uniform radiant
output so as to offset to some degree the greater heat loss from the plate at its
edges. However, the edge heater(s) are required to compensate for the variation
in edge heat losses by the plate which may be variable along the edge. This
variation along the edge will, in general, be a function of temperature since the
relative importance of radiative and conductive losses varies with temperature.
The variation along the edge will also be a function of the shape of the heater
plate which may accommodate more than one wafer at a time. In the case of a
simply shaped heater plate for a single wafer such as a disc shaped plate it may
be possible to use a single edge heater. It is also possible to employ an edge
heater with a heat output which varies along its length so as to compensate for
the different rate of edge losses at different places along the edge of the plate.
In this case the use of a singie:edge heater may suffice for a heater plate which °
can accommodate more than one wafer at a time. Such base and edge heaters
may be made of graphite or silicon carbide or other clean resistive materials
which are stable with respect to position when heated to high temperature.

Such supplemental heaters for various zones of the hot plate preferably
are able to be controlled independently of the primary heater so that they may be
adjusted with minimal effect on the central temperature of the hot plate. This
simplifies the control of the temperature since it reduces the complexity of the
interaction of the heater control systems mediated by the conduction of heat
through the hot plate. In the case where such supplemental heaters are disposed
in the zone(s) near the wafer’s edge for the purpose of raising the edge
temperature to approximately that of the center of the hot plate, and when the
principal heater in its heating pattern in some fair degree compensates for the
higher heat losses at the edge of the hot plate, there is likely to be relatively less
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impaci on the central temperature from such power input from supplemental "
heaters. In part this will be due to the lower levels of power being used for the
supplemental heaters compared with the principal heater.

| In the event there is not too substantial an effect of the supplemental
heater(s) on the hot p_l_ate central temperature it is possible to simplify the type
of control system used for the hot plate temperature. In this case it is possible to

~ have temperature measurement sensors disposed near the center and edge

region(s) of the hot plate and have a look-up-table based control algorithm.
This could yield the desired hot plate temperature profile by simply having base
and edge heaters provide enough heat to maintain pre-specified set point
temperatures at the different sensor locations. These pre-specified temperatures
for the various zones might be found in advance for any specific process
temperature by determining which combination of temperature readings of the
different sensors produces the optimal wafer temperature uniformity. If there
were to be substantial interaction between the central temperature and the edge
heater power the control system would be more likely to cause an oscillatory
behavior of the hot plate temperature rather than the steady temperature desired.
Having achieved the desired hot plate temperature profile specified for a given
wafer processing temperature it would then result in optimally uniform wafer
temperature during processing. -

If it is desired to further reduce the amount of electric power used in
such thermal processing of wafers while making easier the achievement of
acceptably uniform temperature for the very stringent future requirements of
semiconduétor devices one may utilize multiple heat shield layers in the -

structures which cover the wafers. Such covers or hoods might be made of

- opaque material so that they reduce the amount of radiation from the wafer

which reaches the walls. The use of multiple layers results in reduced radiant
heat loss to the walls and therefore a reduction in the amount of power needed
to process the wafers. This lowers cost of operation and the cost of replacement
parts since the lifetime of such heater parts is inversely related to their average
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témperatute of operation and higher power output requires higher heater surface
temperature. The use of multiple layers also aids in achieving the desired wafer

temperature uniformity since it provides an environment for the wafer which is

.closer to its own temperature and hence which absorbs less net power from the

front side of the wafer. The absorption of less net power from the front of the
wafer almost always means that the variation in the power loss from different
parts of the wafer will be less, resulting in a more uniform wafer temperature.
Another advantage of multiple layer heat shields is that the higher surface
temperature of the innermost shield will reduce the total rate of net heat loss
from the front surface of the wafer and.thereby réduce the variation of wafer
temperature caused by variations in the emissivity of the backside of the wafer.

This method of heating the heater plate allows a titanium silicide
annealing process to be performed with virtually no added non-uniformity in the
resulting film resistivity which is.a significant improvement over typical lamp
systems, even those with multiple, independently controlled heating zones.

It is a further advantage that compact radiant heat source(s) for the plate -
may be relatively close to cold chamber walls without substantial temperature

non-uniformities. Toward this end there may be heat shield(s) disposed

- between the heaters and the cold walls of the isolation chamber to reduce the

radiant heat loss of the heaters in directions away from the heater plate. These
shields may be made from clean materials having very low metal content and
having high stability at such eleVated temperatures. Because of such reduced
radiative losses for the heaters due to shields the distance from the heaters to the
cold walls may be reduced while still not exceeding some limiting power
density of heat absorbed at the walls. This provides a smaller size (and hence
cost and footprint) for the reactor without diminishing uniformity and allows the
chamber to be easily purged to control pressure. It is a further advantage of this
aspect of the present invention that enefgy’efﬁciency is substantially improved

due to the smaller size of the heated region without substantially increasing’

variance in wafer temperature uniformity across temperature ranges. It is yet

-17-



10

15

20

25

30

‘WO 00/29799 PCT/US99/26861

another advantage that the cost of the system is reduced because of the reduced
cost of the smaller size parts including heater plate and heat shields which are

_increasingly expensive to fabricate and fragiie as they increase in size.

A further aspect of the present invention provides a system and method
for rapidly adjusting the rate of heating provided by a heat source without
substantially changing the temperature of the heat source. This may be .
accomplished in one embodiment of the invention by adjusting the processing
pressure to adjust the heating rate.. Preferably, a wafer is initially heated at a
pressure that allows conductive and radiative heat transfer. As a desired

- processing temperature is approached, the pressure may be lowered to reduce

the amount of conductive heat transfer and thereby reduce the rate of heating.
In particular, it is desirable to vary the pressure in this manner across a range of

low pressures where a small change in pressure has a large effect on the rate of

 heating. - Preferably, multiple pressures are used to provide a rapid heat ramp up

to a processing temperature that is then maintained at a relatively constant level.
In one embodiment of this invention the hot plate has a large thermal

‘mass relative to the wafer and is made of a good thermal conductor material. In

this case the temperature uniformity of the wafer is more easily achieved since -
the thermal conductivity of the hot plate then allows it to rapidly redistribute the
heat applied to it. It is also an advantage of this embodiment that the high heat
capacity of the hot plate can allow it to more easily and stably remain at
constant temperature such as is required for efficient semiconductor processing.
It is a further advantage of this aspect of the present invention that rapid .
thermal processing may be carried out using a stable heating source since the

fluctuation in requisite heating rate for the hot plate may be reduced due to the

~ thermal ballasting effect. This is most decidedly not the case for the lamp-based

RTP systems which do not use such a hot plate. -

Temperature variations of the hot plate are mitigated due to the large
thermal capacity of the hot plate (or heated block) compared to the smaller heat
cipacitjr of the wafers being processed. Nonetheless, conventional methods of

-18-



10

15

20

25

30

WO 00/29799 A PCT/US99/26861

temperature control use only the heated block temperature to regulate how much
heat should be delivered to successive wafers introduced to the chamber, and:
fhese wafers may, as a consequence, experience an unacceptably large variation
in temperature. Cold wafers inserted into the system absorb large amounts of
heat, and thus reduce the heat flux to the hoods and heat shields located above
the substrates that otherwise would have occurred had the wafers been hot. The
hoods, heat shields, and insulating walls enclosing the thermal processing cavity
(particularly those at the top of the cavity) then experience a large temperature
drop as succeeding wafers are processed because most of the wafers’ heat
originates from the heated block. This effect accumulates, and the temperature
of the heat shields above the wafer can drop anywhere from 15 to 90 degrees C
or more as the first 10 to 15 wafers are processed (depending on the initial -
heated block temperature). The fact that the insulating shields above the wafer -
are now lower in temperature means that the amount of heat they can re-radiate
back to the wafer that is next in line is reduced. Thus, as succeeding wafers are
processed in the system, wafer temperature tends to fall despite a constant
heated block temperature. Exemplary results are given in the table below. -
Precise process temperature control, therefore, requires compensation
for this loss of heat from the hoods and upper insulating shields. ‘An
embodiment of the present invention calculates a temperature offset to be added
to the measured temperature, and this compensated susceptor (heated block)
temperature may then be sent to the control system. The compensated
temperature varies from wafer to wafer in the same series, and is based only on
the change in the temperature of the inneimost ihsulating shield. The offsetis
such that it causes the hot plate to be raised gradually to a higher temperature
(than it otherwise would have been at), and, thus, it provides more heat to the
wafer to compensate for the reduced hLeat being re-radiated from the shield. The
magnitude of the temperature offset may be based on the deviation of the
innermost hood temperature from its equilibrium value ~that is to say, its value

in the absence of cycling wafers. The deviation of the hood temperature from
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its equilibrium value may vary with time, t, and the deviation may be denoted
by AT,u(t). The maximum value of this deviation, AT, .. may be measured
before any device processing in the system with a specially instrumented system
or diagnostic wafer. The compensated susceptor temperature and the offset:
from which it is found are then calculated using the following formulas:

Tnmpm,compensatéd(t) = ATwmptorpﬁ'sct(t) + Tshscépm- (t)s
where o

AT uceporomie(t) = (AT gatermar! ATnosdman) ATpood(t)

and where T,yyp () is the measured susceptor temperature as a function of
time. The compensated susceptor temperature is typically less than the true
susceptor temperature because both hood and wafer deviations (instantaneous as

well as maximum deviations) are usually negative. As a consequence, the-

- control system will take the compensated temperature and compare it with the

set point temperature, finding it to be lower than it would have otherwise based
solely on the susceptor temperature. Even if the susceptor is at the set point
temperature, the effect of the offset will typically be to make it appear to be
1ower thus causing the control system to raise the power to the susceptor heater -

and thereby raise the susceptor temperature. This increased temperature of the

susceptor then compensates for the cooler hood and produces a steady

controlled wafer temperature despite the variations in the hood temperature.
The offset is seen to be a fraction of the maximum temperature deviation of the
wafer due to the deviation of that of the hood(s). . When the hood temperature
deviation reaches its maximum the offset reaches a maximum equal to the
maximum wafer temperature deviation,

The maximum deviations of both wafer and hood temperatures may

depend on the temperature at which a specific process may be done and the

different emissivities of such wafers which are to be processed. Typical

examples are shown in the table below. ‘The fraction which is represented by

0.
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the ratio of the wafer temperature deviation divided by the hood temperature
deviation typical]y used in the calculation is rather small, depending on the
relative importance of the radiative and conductive heat transfer to the wafer
from the hot plate. The conductive heat transfer from the susceptor to the wafer
is often significant, thus making the influence of the susceptor on the wafer
stronger than that of the hood: '

In fact this above formulation is effectively giving the compensated
susceptor temperature as a linear function of the hood and susceptor
temperatures. In this linear function the weighting of the susceptor temperature
is much greater than that of the hood due to the stronger coupling of the
susceptor than the hood to the wafer. Effectively, the compensated susceptor

- temperature js acting as a surrogate for the wafer temperature because the wafer

temperature is, in fact, more influenced by the susceptor than by the hood
temperature. It is mathematically plausible that the variation of the wafer
temperature due to such relatively small variations in the hood temperature

should be a linear function of the variation of the hood temperature.

Susceptor . Maximum temperature Maximum temperature -
temperature change of wafer change of hood
(degrees C) (degrees C) (degrees C)

500 1.5 15
700 3 25
1100 13 90

The temperature control systerh for the hot plate may employ PID-type
controllers for each heater utilizing the set point temperature pre-determined for
any given process and taking as‘control inputs the temperaturés, including
offsets calculated from hood temperature shifts, for the different respective parts
(central and edge) of the hot plate. The minimal effect of small incremental heat
from the edge heater(s) on the central hot plate temperature permits such a
control system wherein there are separate PID controllers for each of the central

and edge heaters to accurately control the temperature profile of the hot plate.
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Yet another embodiment of the present invention provides a system and
method for uniformly heating multiple wafers at a time using a stable hot plate.
In one embodiment this capability is provided by using a race-track shaped hot
plate and resistive heaters. The resistance of the heaters may be varied across
the area corresponding to that of the hot plate to provide approximately uniform
and repeatable temperature of the upper surface of the hot plate adjacent to
which two or more wafers may .plhced at the same time. It is an advantage of
this aspect of the present invention that wafer throughput is substantially
increased without a substantial decrease in process control and uniformity.

An embodiment of the present system may include a flat sheet, graphite
resistive heater (which may have been coated with one or more layers of silicon
carbide by a CVD process) disposed closely spaced and substantially parallel to
and beneath the hot plate. This graphite heater may have a long path for electric
current conduction effectively covering the surface area adjacent to the hot plate
and have varying cross section along the current path so as to properly shape the
heat output to the desired spatial profile. ‘This has the advantage that it reduces
the requisite power output from supplemental heaters which may be needed to
compensate for the non-uniformity of the hot plate as the processing
temperature is varied.

The sensors which are used to measure the temperatures of the various
positions of the hot plate in one embodix_nent of this invention may be optical
pyrometers. Such pyrometers may use fiber optic rods inserted into the heated
cavity such that the view of each pyrometer is restricted to.a smali area on the
surface of the hot plate. Two or more such sensors may thus give adequate
temperature profile information for the hot plate to the control system to permit
its temperature profile to be properly and precisely adjusted for any desired
process.. These fiber optic sensors may be used with sheaths made from quartz
or another clean material through which gas may be flowed at a low rate to -
purge the region of the hot plate which is viewed by the sensor. Such purging

will be able to reduce or eliminate the variation in the surface emissivity of the
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hot plate which might otherwise be caused by condensable materials or reactive
gases. Thus, the temperature reading of the pyrometers will be less prone to
drift due to the environment of the chamber. Other factors may cause the
temperature readings of pyrometers to drift either over time, or with heavy use,
and it is necessary to assure that this is not allowed to happen. In order to
prevent this in one embodiment of the invention a thermocouple may be
employed which senses the temperature of the center of the hot plate during an
equilibrium calibration operation. In this operation no wafers are processed but
the hot plate is heated to pro_cessing temperature range and readings are taken
with both pyrometer sensing the hot plate central temperature and the
thermocouple. The two readings are compared with each other and must be -
within a small acceptable limit for discrepancy or the processing is Stopped
while new pyrometers and/or thermocouples are provided to replace the ones
previously used. This assures that processes at given temperature set points are
repeatable over extended periods of time. It greatly reduces the problem of
pyrometer drift.
Figure 1 is 4 side cross-seéctional view of a thermal processing chamber,

generally indicated at 100, according to an embodiment of the present invention.
This embodiment of the present invention is preferably designed for use in
conjunction with the Aspen wafer handling system available from Mattson
Technology Inc., assignee of record of the present invention. The Aspen system
allows two wafers to be handled at a time. According to this embodiment , the
chamber has two wafer processing stations, as shown in figure 2, where the
wafer processing stations are disposed adjacent to each other with the line of
their centers perpendicular to the plane of figure 1. Aspects of the present
invention allow two stable heat sources to be used for uniformly processing two
wafers concurrently. One of stable heat sources is the principal or base heater
120A, and the second is the peripheral or edge heater 120B. Of course, a wide
variety of processes may be carried out and alternative embodiments may be

optimized for processing a single wafer at a time. Techniques described below
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may also be applied to allow uniform processing of more than two wafers at-a
Referring to figure 1, the chamber walls 102 in the first embodiment

form an outer port 104 through which a semiconductor substrate, such as wafer

106, may be introduced into the chamber 100. A conventional load lock
mechanism (such as provided by the Aspen system) may be used for inserting
and removing wafer 106 through outer port 104. Chamber walls 102 are
relatively _coid, preferably being maintained at an average temperature less than
one hundred degrees C (100°C). In the first embodimeﬁt, chamber walls 102
are aluminum and are cooled by cooling channels 108. These walls may be -
plated with a more inert kind of metal such as platinum or nickel in order to
prevent chemical reactions with the surface by hot gaseous species. Water (or
other cooling medium) may be pumped through cooling channels 108 to cool
the aluminum chamber walls 102. i

After the wafer is introduced into the chamber, it is placed upon narrow

-pins 110 which comprise silicon carbide, quartz or ceramic in one embodiment.

The pins are mounted on a pin support plate 112 that may be raised and
lowered by an elevational mechanism 114, such as a pneumatic or
electromechanical lift with a vacuum sealed-bellows. After the wafer is loaded
into the chamber and placed on pins 110, the elevational mechanism 114 is

lowered to place substrate 106 close to-or onto a heated plate (or block) 116 for

thermal processing.l Alternatively, in one embodiment, the pins may be -
retracted below the top surface of the plate and the wafer may be supported at
some small distance from the hot plate by standoffs. The standoffs are
preferably made of very clean materials such as quartz dr sapphire, and have
smoothly radiused tips to prevent supporting the wafer on a sharp edge or point.

Referring to figure 3, pins 110 may be surrounded by sleeves 310 to prevent

gases containing trace contaminant metals in the vapor phase from flowing from
cavity 320 (the cavity in which resistive heater 120A is located) in direction
330, thus depositing on the bottom surface of wafer 106. The sleeves may
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comprise clear quartz, opaque quarts, silicon carbide or other ceramic, and are
clear quartz in one embodiment of the present invention.

The heated plate may have a large thermal mass that provides a stable
and repeatable heat source for heating wafer 106. Preferably, heated block 116
provides a heating surface 118 within the chamber that is substantially parallel
to the wafer to allow heat transfer across the entire backside surface area of the - -
wafer. Heated block 116 comprises a material that will not contaminate wafer

106 to unacceptable levels even when the wafer is placed in contact with the

- heated block at high temperatures (greater than 500°C) and moderate to low

pressures (less than 100 Torr). In the first embodiment, heated plate 116
comprises silicon carbide coated graphite, although other materials that will not ~ "~
react with the wafer at processing temperatures such as silicon carbide or quartz
may be used as well. A material with high thermal conductivity is preferred to
allow heat to uniformly dissipate throughout the block. Insulating techniques
described below are used to prevent sharp temperature gradients from forming =~
in the heated block due to heat losses at the edges of the block.

- The heated plate may be approximately one (1) inch thick in this -
embodiment, and provide a thermal mass substantially larger than the wafer
having a thickness of approximately thirty five thousandths (.035) of an inch. In
this embodiment it is preferred that heated plate 116 be at least ten times thicker
than the wafer that is being processed. This provides a stable temperature heat
reservoir for thermally processing wafer 106.

In one embodiment, a single heated plate 116 extends across most of the
chamber and provides a generally rectangular heating surface large enough to
process two wafers at a time side-by-side with a spacing between the wafers that
is approximately of the order of the wafer radius. The exposed regions
proximate to which the wafers are prbcessed are portions of the same heated
plate. Using a single heated plate provides a simplified and cost effective
design. The thermal processing chamber of the first embodiment provides

exceptional processing uniformity even with a non-rotating design. In
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alternative embodiments, a separate rotating heating plate may be provided for

each wafer to further enhance uniformity. The wafers could also be held
slightly above the heated plate and rotated on-pins. However, the chamber
according to the first embodiment provides excellent uniformity without
rotation, so a simplified and cost.effective deéign is preferred.

~ The heated block is heated _Ey.two. resistive heatérs 120A and 120B
positioned below the heated block, and around its edges, respectively. A plan
view of an exemplary heating element 120A surrounded by edge heater 120B is
shown in figure 4. A three-dimensional schematic of an exemplary edge heater
120B is shown in figure 5. The heating element 120A may be thicker in regions
410 than in regions 420, and the heatér thickness can go through a transition
region at about location 430. Exempl.ary thicknesses at 410 and 420 are about
0.25 and 0.16 inches, respectively. The design of exemplary edge heater 120B,
with the repeating S-shaped pattern shown in figure 5, is a result of
manipulating the resistance of the heater to match the impedance of heater 120B
to that of heater 120A: this allows the use .of a common power supply (meaning
that the same power supply may be ﬁsed for both heaters) Although a solid
strip could be used, the resistance of such a strip compnsmg similar materials
mlght be lower, and the solid stnp would therefore draw more current and -
require a dedicated power supply. The hel_gh_'_t of the edge heater (dimension 510
in figure 5) may range between aBout 0.2 éﬁd.z.() inches, and any range
subsumed therein, and is about 1.44 inches in one embodiment of the present
invention. These resistive heaters preferably comprise silicon carbide coated
graphite although other materials may also be used. U.S. Patent Application
Serial No. 08/499,986_, which is iﬁcorporated-herein by reference, describes
additional aspects of a resistive heater_.systerh that may be used in conjunction
with embodiments of the present invention.

Heater support posts (shown in figures 2 and 6) space the resistive heater

from heated block 116 by a short distance (approximately 0.125 inches).  Power

sources (not shown) are connected to the heaters by heater mounting .
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mechanisms in a sep;rate heater mounting chamber 142. Current is driven -
through resistive heaters 120A and 120B to heat the heated block 116, which in
turn acts as a stable heat source for wafer 106. The power applied to the
resistive heaters may be adjusted to control the temperature of the heated block. -

This is done using PID controllers which are separately responsible for each of

the heaters.

A thermocouple or other temperature sensor may be used to measure the
temperature of the heated block, and may be used to provide calibration or
temperature reference for optical pyrometers as well. An exemplary
configuration is shown in figure 6, where thermocouple 610 is inserted through
post 620 to terminate inside heated block 116 in opposition to optical pyrometer
630. The tip of the thermocouple may rest against a surface inside the heated
block with a substantially constant force generated by the pressure differential
between the inside and outside of the chamber, and a bellows 640 with a spring
constant designed to partially resist the pressure differential. In one
embodiment, the contact force is about 7 pounds. Optical pyrometer 630 may
be inserted into a hollow ball of graphite that functions as a black body furnace.

A known temperature gradient exists between through the heated block
between the tip of the thermocouple and the end of the pyrometer, and this
temperature gradient may be used to calibrate the pyrometer. -

The pyrometers are used to measure instantaneous temperatures of the
hot plate near its center and edge and to provide the primary data used to give
appropriately offset values to the PID controllers. Such calibration is done
reasonably often when there are no wafers in the processing chamber and the
hot plate is controlled to a predeterjiﬁned set-point temperature. An optical
pyrometer or thermocouple may also be used to measure the wafer temperature
directly, though this has difficulties such as determining the wafer emissivity.
The temperature sensors send signals indicative of the teniperatures including
calculated offsets to each controller based on the temperature change of the

- hoods. The temperature control system then causes a transformer or other
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power source to apply an appropriate amount of power to the resistive heater to
achieve the desired processing temperature. Typically temperatures between
four hundred degrees C (400°C) and eleven hundred fifty degrees C (1150°C)

are used for thermal processing in the chamber according to one embodiment.

Of course other mechani$gns may be used to _provide a stable heat
source. For instance, an RF coil could be used to induce a currentina -
conductive plate within the cha_mber dr lamps could be ﬁsed to heat the backside
of a conductive block. However, the resistive heaters-aﬁd heated plate of this
embodiment provide exceptionally stable and durable heat sources.

In order to reduce heat loss and enhance uniformity, heated block 116
and wafer 106 are enclosed within an insmllatcd heating chamber 128. Heating

chamber 128 is formed by insulating walls 130A-H spaced apart from heaters

120, heated block 116 and wafer 106.- The outer insulating walls 130B and:
130E-H preferably comprise materials that hﬁve-a_low-thennal conductivity,
which may be opaque quartz. In addition, such walls 130B and E-H may be
highly reflective and substantially nontransmissive to thermal radiation -
(particularly in the visible and infrared regions). - Thus, insulating walls 130B
and E-H substantially prevent heat transfer by direct radiation from within
heating chamber 128 to cold chamber walls 102. .In the first embodiment, -
insulating walls 130B and E-H comprise opaque quartz with a thermal
conductivity of approximately three and one half watts per centimeter Kelvin
(3.5 W/emK). Opaque quartz is desirable because it is dﬁ;able and inert in

“virtually all processes, has a high reflectivity and low conductivity, and may be

used to form an insulating wall using a single intrinsic piece of material.
Opaque Silica Glass OP-1 from Nippon Silica Glass USA, Inc. is an
exeinplary opaque quartz that may be used in the first embodiment. In contrast
to transparent quartz, opaque quartz is white with a neari_y ideal opaque
appearance. This is due to the special structure of the material which has a well-
controlled distribution of micropores in the otherwise dense matrix, scattering
light and.thermal radiation in a very efficient and homogeneous way. Thus, the
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direct transmission of radiation is somewhat suppresééd'-.(less- than 30%

transmission across wavelengths from 200 to 5000 nm for 3 mm path length).

The surface of the opaque quartz is preferably treated to inhibit flaking and the
release of particulates. This is accomplished in the first embodiment by
exposing the surfaces of the opaque quartz to high temperatures which glaze the
surfaces. This forms a shallow layer (approximately 1 mm deep) of clear

durable quartz on the exterior surfaces of the insulating walls which actsas a

_ protective coating.

Of course, other heat resistant insulating materials, such as alumina and

silicon carbide, could be used for the insulating walls. In addition, the

_ insulating walls may be formed from a transmissive material such as clear

quartz coated with a reflective material such as alumina, silicon carbide, or
silicon nitride. However, these alternatives tend to be less durable than glazed
opaque quartz, often flake and spall, and may interfere with the chemistry of
some processes. Such walls could also be made from clear quartz or other good -
transparent thermal insulator within which a reflecting metal mirror was
encased. Additional insulating walls may also be positioned between the
heating chamber and chamber walls to improve insulation. In particular, the
heating chamber may be enclosed within multiple insulating housings, which

- further may be made from materials such as opaque quartz or from materials

such as graphite which has been coated with silicon carbide, with vacuum
regions formed between the housings.

As shown in figure 1, three silicon carbide coated graphite pieces — a top
130A, side 130C, and base 130D are used to form heating chamber 128 in the
first embodiment, The base 130D insulating wall is closely spaced to the heated
block 116 and resistive heater 120. In one embodiment, the base 130D and side
130C insulating walls substantially. encapsulates the heat source except for
exposed circular regions of the heating surface which are shaped to receive the

- wafers. This helps channel the heat flux from the heat source through a circular

regio_n normal to the wafer surface and reduces lateral thermal gradients. In
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addition, the heating surface extends radially from the circular region
underneath the side insulating wall 130C. This assists m 'isolaiing the wafer-
from any temperature drop off at. the edge of the heated block.

- Referring again to figure 1, the heated block forms shallow pockets,
recessed areas in the block, or caviﬁ_es for feceiving the wafers in the circular
regions that are left exposed by the base insﬁlatirig wall 330D. The pockets are
between one sixteenth (0.0625) and one eighth (0.125) of an inch deep in the
first embodiment and may be flat, slightly concave with the center of the pocket

- being slightly lower (approximately 0.003 inéhes) than the perimeter of the

pocket, or stepped with the center recessed relative to a ledge formed about the

outer radius of the pocket. Recessed pockets help retain heat at the edges of the

wafer and the pocket shape may affect temperature uniformity across the wafer
surface. Outstanding process uniformities have been achieved at six hundred

- degrees C (600°C) and eight hundred'degrees C (800°C) using both flat and

recessed pocket designs. - - . .

- The low pressure, insulating walls; and other thermal properties allow a
very-compact chamber design to be used with a high level of uniformity. In the
first embodiment, the heated block 3 16 is approximately ten (10) inches wide |
which is only slightly wider than the wafer and its edges may be within one (1)
inch of the cold chamber walls. The base insulating wall 330D is approximately
five hundred thousandths (0.375) of an inch from the edge of heated block 316,
having the peripheral heater between, and the distance from the base insulating
wall to the chamber wall (across the insulating chamber 534) is less than half an

inch. Thus, the width of the heated block is about eighty percent (80%) of the

interior width of the processing chamber. In addition, the heated block occupies
about ten percent (10%) of the interior volume of the processing chamber.
Processing temperature uniformity may be achieved using this compact design
even though the heated block may be heated in excess of one thousand degrees
C (1000°C) and the chamber walls may be cooled to an average temperature of
less than one hundred degrees C (100°C) with water or other cooling media.
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However, in order f(; maintain an acceptable level of unifOnnity, the chamber

dimensions and materials and the processing parameters in the first embodiment

‘are carefully selected to control heat transfer across heating chamber 328,

through insulating walls 330A and 330C, and across insulating chamber 334.

. Preferably the insulating walls have a thickness in the range of from
twenty five hundredths (0.25) to one (1) inch although the thickness may be
varied depending upon the thermal conductivity and transmission of the
material. - In the first embodiment, the top, side, and base insulating walls are
approximately three hundred seventy five thousandths (0.375) of an inch thick
and the bottom insulating wall (which is close to the graphite heater) is
approximately six hundred twenty five thousandths (0.625) of an inch thick.

The bottom insulating wall 130D is spaced from the chamber walls 102
by support leg or post 132; the post also serves to space insulating wall 130D
from heater block 116. An exemplary support post is shown in more detail in
figures 2 and 7. Referring to figures 2 and 7, insulating wall 130D may rest
shoulder 710 of the post, and heated block 116 may rest on top region 720. A
narrowed portion 730 of the post may fit into a recess of chamber 102, thus:

- eliminating the need for fasteners at position 740 (and which may remove a

potential source of contamination). Post 132 comprises an insulating material
such as opaque quartz to minimize conductive heat transfer from the bottom

insulating wall 130D to the chamber walls 102. While several support legs may -

- be used, it is desirable to minimize the cross section of the thermally conductive

path formed between the bottom insulating wall 130D and the bottom chamber
wall by any support posts. In one embodiment, support post 132 has a relatively

- small cross section (substantially less than 10% of the surface area of the bottom

insulating wall) to prevent a large conductive path from being formed between
the insulating walls and the chamber walls.

- The insulating walls 130A and 130C substantially enclose the heating
chamber 128 and with 116 form an outer insulating chamber 134 between the
insulating walls and the cold chamber walls. The insulating walls form an inner
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port 136 between the heating chamber 128 and insulating chamber 134 to allow
a wafer to be inserted into the heating chamber. A shutter 141 may be used to
cover the inner port 136 during processing to provide additional insulation. The
shutter is shown covering the port at posiﬁon 141A in figure 1.. The shutter is
depicted in a raised position 141B _(clotte"d._lines in ﬁgurei) to allow a wafer to
be inserted and removed from the heating chamber.' .Shutter may comprise
opaque quartz, clear quartz, silicon c_arbidé,- and other ceramics. A three-
dimensional view of shutter 141 is shown in.figure 8. The shutter may be

~ supported by support rod 810, and regions 820A and 820B, the portions of the

shutter that cover the ports and provide heat insulation, may be shaped to
conform to that of a wafer.

Generally, heat is transferred in one embodiment from the heated plate
116, across the heating chamber 128 to the insulating walls 130A and 130C,
through the insulating walls 130B and 130F, and across the insulating chamber
134 to the cold chamber walls 102. Of course, some heat may be transferred
through support leg 132 by conduction and through inner port 136 by direct
radiation (unless an opaque covéir is.used). However, a substantial majority
(more than 60%) of the'radiatiori from the heated block 116 is intercepted by the
insulating walls 130A and 130C and only a small portion of the bottom
insulating wall (less than 10%) is in contact with the support post. Thus, the
rate of heat transfer in one embodiment is substantially dependent upon the
thermal resistance across the heating chamber 128, througﬁ the insulating walls
130A and 130C, and across the insulating chamber 134. '

In order to control heat transfer in the first embodiment, it is important

~ to-understand the mechanisms of heat transfer in these three regions. Heat may

be transferred across the heating chamber and insulating chamber by
conduction, radiation, and to a lesser degree by convection.” Heat transfer
through the insulating wall occurs primarily by conduction ¥ the insulating wall
is opaque so there is little if any radiative heat transfer, and since the insulating

wall is solid, there are no convective currents.
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The thermal resistance across the heating chamber and insulating

chamber can be adjusted by adjusting the processing pressure. Referring to

figure 2, gas inlets 138A and 138B provide a processing gas flow C2 to the
wafer processing cavities, and gas inlet(s) 139 provides a purging gas flow C1
to the remainder of the reactor; speciﬁcally, to thermal insulating space 134.
Gas intets 138 and 139 are connected to conventional gas sources and mass flow
controllers (not shown) to supply and regulate the flow of gas. Gas flow C2 is
the actual processing gas. Purge gas Cl serves to prevent reaction byproducts
and effluents from condensing on the optical pyrometers, chamber sidewalls,
and other sensitive surfaces inside the chamber. In the event a gas injector
138A, 138B, or 139 is positioned over an area where a temperature '
measurement by optical pyrometry is desired, a port 910 (see figure 9) may be
provided through the center of a.'gas injector for this purpose.

Referring again to figure 1, gas exhaust port 340 is connected to a
conventional vacuum pump (not shown) which allows the pressure in the
chamber to be controlled. In one embodiment, pressures from seven hundred
sixty (760) Torr (atmospheric pressure) down to less than one tenth (0.1) of a
Torr may be achieved. As will be described further beloW, pressures less than
one hundred (100) Torr, and in particular pressures between two (2) Torr and
fifty (50) Torr, are preferred in an embodiment of the present invention.

A pumping spool, or gas flow regulaior 143 may be inserted into the
exhaust port, as shown in figures 1 and 10. The pumping spool is a baffle, or
heat exchanger, positioned in the foreline of the exhaust pump, whose jsurpose
is to keep the foreline (that portion of the exhaust system between the chamber
and the pump) cold, so that, for example, the o-ring seals of the vacuum system
are not damaged. The spool also serves to substantially prevent radiant heat
from escaping the reaction chamber. Referring to figure .1 0, baffle 143 also
serves to reduce the potential for contamination of substrates, particularly from
trace metals in the vapor phase originatihg from the resistive heaters. This
embodiment of the invention is accomplished by the design of spool which has
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a large conductance pathway 1010 for exhausting the region of the chamber
contaiﬁing’ the heaters, (region 320 in figure 10), and a small conductance
.pa.thway 1020 to exhaust other regions lof the processing chamber not containing
the heaters, or the balance of the ch_a:_nbér space, such as ihsulating space 134.

A three-dimensional view of baffle 143 is shown in figure 11, with particular

attention given to t_l_iq smaller conductance pathway provided by exhaust 1020.

Aspects of the present invention include methods:'-of using the thermal
processing system. Two of the parameters ihat are obv_ioﬁsly critical to these
.1;n.ethods are the temperature and the pressure at which the processes are carried
out. These methods may be applied to a variety of stepé involved in the
fabrication of intggrated cjrcui_t devices, including (but not limited to):
oxidation, nifridétion, __silicidation, anneals of BPSG and PSG; reflows and
densification of glasses; implant anneals, copper anneals; and anneals of

materials with low and high-dielgctrib constants. Silicidation steps may include

. .the creation of a metal silicon comp_o_und-MSi,(,_ where the M, the metal, includes

T1MoTa,andCo S Lo .

Wafer transfers are preferably perfonned at low pressures, such as about
2.0 Torr, so that defect densities resulting from particulate contamination may
be mlmmlzed Pa:rticul'ate contamination arises from, among other sources, the
hardware used to transport wafers into the processing chamber. In some
embodlments of the invention, the pressure at which the process isrun
determines whether the process compnses a one-step or multlple-step recipe. In
general, the process will be one-step if the processing pressure is substantially
equal to the load lock pressure. If the processing pressure is not equal to the

load lock_pre_s_sme, then a muitiple step recipe may be necessary. Thermal

processes that may occur at low pressures include contact and barrier metal
silicidation. . _
In one embodiment of the invention, the process is one-step; the

processing pressure is about 2 to 3 Torr; and the processing time is about 25

seconds to one minute. A nitrogen flow of about 500 sccm may be injected into
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the chamber C1 p: g :-flow,' and .a processing gas ﬂowcz of about 1500 sccm
(divided substantially equally between the two processing cavities) may be
éupplied as the processing gas. The processing gas may be nitrogen as well.

* In thermal-budget sensitive applications such as the dopant anneal of an
ultra-shallow junction, a higher processing pres'sure is desirable in order to
increase the rate of the temperature ramp to the processing temperature. An
exemplary three-step process is shown in figure 12. In this example, the
pressure in steps 1 and 3 (of about 2.5 Torr) corresponds to the pressure in the
load lock as the substrate is being transferred into and out of the chamber,
respectively. Step 2 is the processiﬁg step. The exemplary step 2 pressure in
figure 12 is 35 sccm, but pressures of 10 and 50. Torr are also common.
Typically, low pressure processing is common for silicidation reactions, and
higher pressure processes are appropriate for source/drain junction dopant
anneals (where uniformities are important). Load lock pressures may range
from about 2 to about 100 Torr, and any range subsumed therein. Proéessing
pressures may iange from about 10 to about 760 Torr, or any range subsumed
therein. _

From the foregoing description, one skilled in the art can readily
ascertain the essential characteristics of the present invention. The description
is intended to be illustrative of the present invention and is not to be construed
as a limitation or restriction thereon, the invention being delineated in the

following claims.
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CLAIMS .

_We claim:

1. A thermal processor for processing a senticohdﬁctpr eubstrate, the
thermal processor comprising" |
~ aprocessing chamber

a primary heater and a penpheral heater spaced apart from the pnmary
heater, the pnmary heater and the penpheral heater disposed within the
processing chamber,

" aheated block dtsposed within the processmg chamber, the heated b]ock

receiving heat from the prtmary heater and the penpheral heater

a set of msulatmg walls dtsposed w1th1n the proeessmg chamber and
substantlally enclosmg the pnmary heater the penpheral heater and the heated

i block;

one or more semlconductor substrate bemg placed adjacent the heated

block to recelve heat ﬁom the heated block durmg processmg

2. The thermal processor of claim 1 further comprising a power supply,

- wherein the peripheral heater has its impedance substantially matched to that of |

the primary heater such that a single power supply may be used to supply power

to both the primary and the peripheral heaters.

3. The thermal processor of clarrn 1 wherein the primary heater and the.

peripheral heater are resistive heaters comprising silicon carbide coated

graphite.

4, The thermal processor of claim 1 wherein the primary heater has at least
a first region, a second region, and a transition region between the first and
second regions, wherein the first region is substantially thicker than the second

region.

5. The thermal processor of claim 1 wherein the peripheral heater has a
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repeating S-shapé'ciE pattem.

6. The thermal processor of claim 1 wherein the heated block(s) have a

thermal mass substantially greater than that of the substrate.

7. A thermal processing system for processing a semiconductor substrate,
the thermal processing system comprising:

a processing chamber; _

a heater disposed within the pmcessiﬁg chamber for heating the

- semiconductor substrate to a processing temperature;

a heated block disposed within the processing chamber, the heated block
receiving heat from the heater;

an inner insulating wall disposed within the processing chamber and
spaced apart from the heater block, the inner insulating wall substantially
enclosmg the heater and the semiconductor substrate;

an outer insulating wall dlsposed within the processmg chamber, the
outer insulating wall substantially enclosing the inner msulatmg wall; and

wherein a semiconductor substrate is placed adjacent the heated block to

rreceive heat from the heated block during processing.

8. The thermal processing system of claim 7 wherein the inner set of
insulating walls are somewhat non-transmissive such that the inner set of
insulating walls substantially prevent heat tfansfer by direct radiation from the
heater block and the semiconductor substrate to the outer set of insulating Wﬂls.

9. The thermal processing system of claim 7 wherein the outer set of
insulating walls are somewhat non-transmissive such that the outer set of
insulating walls substantially prevent heat transfer by dn'ect radiation from the
inner set of insulating walls to the chamber walls.

10.  The thermal processing system of claim 7 wherein the outer set of
insulating walls comprise a material with a thermal conductivity of about 3.5
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'11. The thermal processing system of claim 7 wherein the outer set of

insulating walls comprise opaque quartz.

12, The thermal processing system of claim 7 whergin the inner set of

insulating walls comprise silicon carbide coated graphi_te.

13.  The thermal processing system of claim 7 whef_e_in the inner insulating
walls have an average temperature during processing that is less than the
average temperature of the heated block. |

14, The thermal processing system of claim 7 wherein the outer insulating
walls have an average temperature during processing that is less than the

average temperature of the inner insulating walls.

15.  The thermal proéessing system of claim 7 wherein the chamber walls
have an average temperature during processing that is less than the average
temperature of the outer insn_ilating walls.

16.  The thermal processing system of claim 7 wheréin the inner insulating
walls during processing have an average temperafurg T, and the heater block

during processing has an average teinperamre T,,,;, and Wherein the difference

between the avérage temperature of the heater block and the inner insulating

~walls T,,-T;,, is less than one half the average temperature of the heater block

T

17.  The thermal processor of claim 7 having one or more support posts for
supporting the insulating layers and the heater block(s), and for spacing the
insulating layers from the chamber wall and from the heater block(s).

18.  The thermal processor of claim_ 17 wherein the support posts contain

ports fora temperature sensor such asa thermocouple and an optical pyrometer,
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19.  The thermal processor of claim 7 having one or more gas injectors

wherein the gas injectors contain ports for a temperature sensor such as a

_thermocouple and an optical pyrometer.

20. A thermal processor for processing a semiconductor substrate, the
thermal processor comprising:

a processing chamber;

a heater disposed within the processing chamber for heating the
semiconductor substrate to a processing temperature;

a heated block disposed within the processing chamber, the heated
block(s) receiving heat ﬁom the primary heater;

an insulatihg wall disposed within the processing chamber and spaced
apart from the heater block,

a gas supply and an exhaust port;

a gas flow controller between the process chamber and the exhaust
system, wherein the insulating wall and the heater block form a heater cavity for
substantially isolating the heater from the semiconductor su‘bstrate;

wherein the gas flow controller forms a first exhaust path and a second
exhaust path; the first exhaust path primarily exhausting gas from the heater
cavity, and the second ekﬁaust path prima_riiy exhausts gas from outside the

heater cavity.

21.  The thermal processing system of claim 20 wherein the gas flow
controller reduces the temperature of the exhaust gases.

22.  The thermal processing system of claim 20 wherein the gas flow
controller reduces the potential for heat loss from the processing chamber.

23. A thermal processor for processing a semiconductor substrate, the
thermal processor comprising:
a processing chamber;
a heater disposed within the processing chamber;
| a heated block disposed within the processing chamber, the heated block
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receiving heat from the heater;
a gas supply and an exhaust port; _
a thermocouple having a tip embedded within the heated block; and
an optical pyrometer also embedded within the heated block, and
positioned such that it opposes the tip of the thermocouple. |

24.  The thermal processor of claim 23 wherein the 'thermocouple is used to

calibrate the optical pyrometer.

25. A method of thermally processing a substrate in'a processing system
having a load lock and a processing chamber, the method comprising a one step

process when the processing pressure is substantially equal to the load lock

" pressure.

26. A method of thermally processing a substrate in a processing system
having a load lock and a processing chamber, the method comprising a multiple
step process when the processing pressure is substantially unequal to the load

lock pressure.

27.  The method of claim 26 wherein the processing pressure is substantially
greater than the load lock pressure. |
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