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PROCESS AND APPARATUS FOR CLEANING A
SILICON SURFACE

FIELD OF THE INVENTION

[0001] The present invention relates generally to semicon-
ductor processing and, more particularly, to a process and an
apparatus for cleaning silicon surfaces.

BACKGROUND

[0002] The fabrication of semiconductor devices on a
silicon wafer involves the formation of layers of various
electronic materials, such as epitaxial silicon layers, passi-
vation layers, insulation layers, etc., on a silicon surface. The
performance of the semiconductor device depends upon the
quality of the layers formed, which in turn depends strongly
upon the cleanliness of the processing environment and of
the underlying silicon surface.

[0003] Silicon surfaces are particularly susceptible to
native oxide contamination. Native oxides are non-stoichio-
metric silicon oxides that can form any time a silicon surface
is exposed to ambient atmosphere. Such exposure inevitably
occurs during the course of device fabrication, for example,
when wafers are being loaded into a processing chamber.
Because the native oxides form under non-controlled atmo-
spheric conditions, native oxides tend to grow at different
rates from wafer to wafer, leading to different device per-
formance depending on the wafer from which the device
was formed. Moreover, the presence of native oxides may
interfere with the electrical properties of the individual
device, resulting in, for example, device noise, degraded
performance, or even total failure.

[0004] To achieve acceptable semiconductor device yields
per wafer and acceptable device performance, the silicon
surface must be free of contaminants and impurities such as
oxygen and carbon. One method of removing native oxides
and other contaminants involves baking the wafer at a
high-temperature, for example, greater than 1000° C.,
immediately prior to the formation or deposition of a layer
of electronic material. Typically, this involves baking the
wafer in the same chamber in which the subsequent depo-
sition step is performed. Such baking methods, however,
generally cannot be used with wafers having devices thereon
because most semiconductor devices cannot withstand such
high temperatures.

[0005] To lower the baking temperature, some cleaning
methods introduce a reactive gas, such as SiH, or Si,Hg, or
GeH,, or NF;, into the chamber to help remove the native
oxide layer and other contaminants. The use of such reactive
gases allows the baking temperature to be reduced below
950° C. However, such reactive gases not only attack the
native oxide layer, but also other layers and devices on the
wafer. The use of such reactive gases can leave residues in
the chamber that can contaminate the wafers that are sup-
posed to be cleaned. Some reactive gases also can attack the
chamber walls. The chamber will thus require periodic
cleaning and maintenance to remove the residues and repair
any corrosion incurred during the wafer cleaning process.

SUMMARY OF THE INVENTION

[0006] One aspect of the present invention provides a
process of cleaning a silicon surface. In one embodiment,
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the process involves transferring a silicon wafer into a
chamber and maintaining the silicon wafer at a process
temperature of not greater than about 800° C. and a process
pressure of less than about 1 Torr while flowing hydrogen
gas across a surface of the silicon wafer.

[0007] In another aspect, the present invention provides an
apparatus for cleaning a surface of a silicon wafer. In one
embodiment, the apparatus includes a housing having
therein a chamber defined by surfaces comprised of quartz.
A reflector is positioned outside the chamber. A susceptor is
positioned within the chamber and configured to accommo-
date the silicon wafer such that a first surface of the silicon
wafer faces the reflector. A heater is configured to radiate
heat towards only a second surface of the silicon wafer. An
inlet port and a vacuum port are positioned opposite each
other such that a gas introduced from the inlet port flows
across the first surface of the silicon wafer towards the
vacuum port.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The present invention is illustrated by way of
example, and not by way of limitation, in the figures of the
accompanying drawings and in which like reference numer-
als refer to similar elements and in which:

[0009] FIG. 1 shows a top view of a multi-chamber-
clustered semiconductor processing system;

[0010] FIG. 2 is a flowchart showing one embodiment of
a process according to the present invention;

[0011] FIG. 3 is a graph showing interfacial oxygen
contaminant concentration on a silicon surface after cleaning
in accordance with the present invention as a function of
process pressure at three hydrogen pumping speeds;

[0012] FIGS. 4A and 4B show oxygen and carbon con-
taminant concentrations, respectively, on a silicon surface as
a function of process temperature at four process pressures
and the corresponding four hydrogen flow rates;

[0013] FIG. 5 is a flowchart showing another embodiment
of a process according to the present invention;

[0014] FIG. 6 is a graph showing interfacial contaminant
concentrations remaining on a silicon surface after cleaning
in accordance with the present invention as a function of
wafer depth;

[0015] FIG. 7A is a cross sectional view of one embodi-
ment of an apparatus for cleaning a silicon wafer according
to the present invention; and

[0016] FIG. 7B illustrates a system control computer
program that can be used to control a cleaning apparatus
and/or implement a process of the present invention.

DETAILED DESCRIPTION

[0017] The present invention provides a method and an
apparatus for cleaning a silicon surface. The methods and
apparatuses of the present invention can be incorporated into
a multi-chamber-clustered semiconductor processing sys-
tem, like the one shown in FIG. 1. One such system is
supplied by Applied Materials, Inc. in Santa Clara, Calif.
under the Centura® mark. Though the descriptions that
follow will discuss the present invention in the context of a
multi-chamber-clustered system, those of ordinary skill will



US 2002/0166256 Al

recognize that the methods and apparatuses of the present
invention are not limited to use with such systems.

[0018] FIG. 1 shows one embodiment of a multi-cham-
ber-clustered system 10 wherein a silicon wafer can be
transported from one single-wafer processing chamber to
another without breaking vacuum. A central load-lock sys-
tem 20 comprises two load-locks 21, 23, each of which is
evacuated by a vacuum pump 24. Silicon wafers are loaded
into one of the load locks 21, which is then evacuated, and
then a wafer is transported into a central transfer chamber
25. The transfer chamber 25 is kept constantly under a dry
evacuated environment, typically around 100 Torr or less of
dry N,, and contains equipment, such as a robotic arm, to
move the wafer from one processing chamber into another.

[0019] The multi-chamber-clustered system has a plurality
of single-wafer processing chambers 31, 32, 33, 34 that are
arranged around and connected to the transfer chamber 25.
A fabrication operation, such as masking, etching, deposi-
tion, etc., is carried out in each processing chamber. The
wafer is processed in one processing chamber, and then
transported into the transfer chamber 25 from which it is
transferred to the next processing chamber. After the wafer
has been processed through the series of the processing
chambers 31, 32, 33, 34, it is transported via the transfer
chamber 25 to either of the load-locks 21, 23. Several wafers
can be processed simultaneously in different chambers (one
wafer per chamber). This allows a high throughput of wafers
to be continually processed through the multi-chamber-
clustered system 10.

[0020] A process in accordance with one aspect of the
present invention involves cleaning a silicon wafer surface
in a low pressure and high hydrogen flow rate environment.
The inventors have discovered that maximizing the hydro-
gen flow rate while maintaining a low pressure (which can
be achieved using high pumping speeds) allows for native
oxide and other contaminant removal at relatively low
temperatures and without the use of a reactive gas. Neither
the use of low pressures with lower hydrogen flow rates, or
higher pressures with high hydrogen flow rate, achieved the
same levels of cleanliness at low temperatures as the com-
bination of low pressure and high hydrogen flow rates did.
In many cases, the processes of the present invention are
able to remove substantially all interfacial contamination of
oxygen, carbon, nitrogen, chlorine, and fluorine as can be
detected using currently available analytical techniques, and
leave the silicon wafer surface substantially free of contami-
nation.

[0021] One embodiment of a process according to the
present invention is illustrated in the flowchart of FIG. 2.
Before a silicon wafer is loaded into, e.g., one of the load
locks 21 and before the process starts at 40, the silicon wafer
typically is pre-treated by dipping in a hydrogen fluoride
(HF) solution, rinsing and drying, as is well-known in the
art.

[0022] The process according to the present invention
begins at 40 with transferring a silicon wafer from, e.g., a
transfer chamber 25, into a processing chamber, e.g., 31, 32,
33, or 34 at step 41. The processing chamber may be a
deposition chamber or other processing chamber wherein
the silicon wafer will be processed after the wafer is cleaned,
or the processing chamber may be a dedicated cleaning
chamber, e.g., 31, connected to a pump 22. The silicon wafer
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may be an unprocessed wafer, or a semiprocessed wafer
having silicon exposed at a surface thereof. Thus, “silicon
wafer” includes without limitation doped and undoped sili-
con, monocrystalline or epitaxially grown silicon, and sili-
con wafers having devices, interconnects, junctions, layers,
windows, patterns, or other electronic features thereon.

[0023] 1Inone embodiment, the silicon wafer is transferred
into the processing chamber at a temperature that is lower
than a process temperature at which the silicon wafer will be
cleaned. The inventors have observed that transferring the
silicon wafer at a lower temperature advantageously reduces
the time needed to clean the silicon wafer surface. The
silicon wafer generally is transferred into the processing
chamber at a transfer temperature of less than about 600° C.,
and typically between about 450° C. and about 600° C. In
one embodiment, the transfer temperature is about 550° C.

[0024] Typically, the silicon wafer is transferred into the
processing chamber at a pressure higher than a process
pressure at which the silicon wafer will be cleaned. In
general, the pressure at which the silicon wafer is transferred
into the chamber is less than about 100 Torr, and typically
falls in the range of about 20 Torr to about 100 Torr.

[0025] After the silicon wafer is transferred into the pro-
cessing chamber, the processing chamber is evacuated at
step 42 to a process pressure of less than about 1 Torr. The
process pressure is the total pressure within the processing
chamber while the silicon wafer surface is being cleaned.
Typically, the process pressure is between about 0.1 Torr and
about 1 Torr. In one embodiment, the process pressure is
between about 0.2 Torr and about 0.5 Torr. In another
embodiment, the process pressure includes a partial pressure
of oxygen and water of less than about 10 yTorr, and
typically between about 1 yTorr and about 5 giTorr. In one
embodiment, the partial pressure of oxygen and water is
about 3 uTorr.

[0026] At step 43, hydrogen gas is flowed over a surface
of the silicon wafer at a flow rate of up to about 3 standard
liters per minute (SLM) through a chamber volume of about
10 liters. In accordance with the present invention, it is
desired to maximize the flow rate of hydrogen while main-
taining the process pressure below about 1 Torr. It has been
observed that 3 SLM is about the maximum flow rate of
hydrogen gas that can be practicably achieved while main-
taining the process pressure below about 1 Torr using
currently available vacuum pumps. It is envisioned that, as
higher pumping speed vacuum systems become available,
higher maximum flow rates will become practicable. In
current embodiments, a flow rate between about 0.03 SLM
and about 3 SLM of hydrogen gas is typically used. In
another embodiment, a flow rate of about 0.3 SLM is used.

[0027] As indicated above, high pumping speeds are used
to achieve high hydrogen flow rates while maintaining the
process pressure at less than about 1 Torr. Pumping speeds
of greater than about 30 cubic meters per hour have been
found to be effective in the processes of the present inven-
tion. Typically, pumping speeds between about 30 cubic
meters per hour and about 200 cubic meters per hour are
used. In one embodiment, a pumping speed of about 100
cubic meters per hour was found to provide a good balance
between cleaning efficacy and cost.

[0028] At step 44, the silicon wafer is heated to a process
temperature not higher than about 800° C. Typically, the
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process temperature is between about 700° C. and about
800° C. In one embodiment, the process temperature is
between about 750° C. and about 775° C. In another
embodiment, the process temperature is about 770° C.

[0029] In one embodiment, the silicon wafer is heated to
the process temperature only after the processing chamber
has been evacuated to the process pressure. This allows
contaminants brought into the chamber during wafer transfer
to be removed.

[0030] At step 45, the silicon wafer is maintained at the
process temperature and the process pressure while hydro-
gen gas is flowed across the surface of the silicon wafer until
substantially all interfacial oxygen contamination is
removed. Typically, the silicon wafer is maintained at the
process temperature and pressure while flowing hydrogen
gas across the surface for less than about 5 minutes. In one
embodiment, the silicon wafer is maintained at the process
temperature and pressure while flowing hydrogen gas across
the surface for between about 1 minute and about 3 minutes.
In another embodiment, the silicon wafer is maintained at
the process temperature and pressure while flowing hydro-
gen gas across the surface for about 2 minutes. Oxygen
contamination levels of less than about 1x10'® atoms per
cubic centimeter may be achieved with the processes
described above.

[0031] The process ends at 46, at which point the hydro-
gen flow is stopped. If the silicon wafer is to be processed
further in the processing chamber, the pressure and tem-
perature are adjusted for the next processing step. If the
silicon wafer is to be transferred out of the processing
chamber, the wafer is returned to the transfer temperature
and the processing chamber to the transfer pressure (typi-
cally by introducing nitrogen gas), and the silicon wafer is
then transferred out of the processing chamber into, e.g., a
transfer chamber.

[0032] FIG. 3 shows concentration of interfacial oxygen
contamination remaining on a silicon wafer surface as a
function of process pressure after cleaning with processes of
the present invention at three different pumping speeds.
Surprisingly, the inventors observed that, below a certain
process pressure, the interfacial oxygen concentration does
not continue to decrease as the process pressure is decreased,
but actually begins to increase, regardless of pumping speed.
As can be seen in FIG. 3, the interfacial oxygen concen-
tration has a minimum at a process pressure between about
0.1 and about 1 Torr. Below a process pressure of about 0.3
Torr, the interfacial oxygen concentration begins to increase.
Even with process pressures around 0.01 Torr, the interfacial
oxygen concentration level achieved is higher than that
achieved with process pressures around 0.3 Torr.

[0033] FIGS. 4A and 4B show concentrations of oxygen
and carbon contamination, respectively, remaining on a
silicon wafer surface as a function of process temperature
after cleaning with processes of the present invention at four
different process pressures (and corresponding four hydro-
gen flow rates). As the graphs in FIGS. 4A and 4B show, at
about 750° C., the lowest oxygen and carbon contamination
levels were observed at process pressures of less than about
1 Torr. As the process temperature is increased from about
750° C. to about 780° C., the oxygen and carbon contami-
nation levels achieved with process pressures of less than
about 1 Torr were seen to remain about the same.
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[0034] However, at higher process pressures, increasing
the process temperature caused the oxygen and carbon
contamination levels to decrease markedly. At about 780°
C., lower oxygen and carbon contamination levels were
observed at process pressures greater than 1 Torr, particu-
larly greater than about 10 Torr, than were seen at process
pressures of less than about 1 Torr. In the case of oxygen, a
two-to three-fold decrease in contamination level was
observed between the process pressure of about 0.4 Torr
(hydrogen flow rate of about 0.6 SLM) and about 14 Torr (12
SLM hydrogen) at 780° C. In the case of carbon, a three-to
four-fold decrease in contamination level was observed over
the same range.

[0035] FIG. 5 illustrates an embodiment of a process
according to the present invention that takes advantage of
this observed decrease in contamination levels. Steps 50
through 53 of this embodiment are similar to steps 40 to 45
of the embodiment described above, with reference to FIG.
2. The process begins at step 50 by transferring a silicon
wafer from, e.g., a transfer chamber, into a process chamber
at step 51. Typically, the silicon wafer is pre-treated with a
hydrogen fluoride (HF) dip, followed by rinsing and drying,
before being transferred into the process chamber, as
described above.

[0036] After the silicon wafer is transferred into the pro-
cess chamber, the chamber is evacuated to a first process
pressure (P,), hydrogen gas is flowed over a surface of the
silicon wafer at a first flow rate (R,), and the wafer is heated
to a first process temperature (T,) at a step 52. The first
process pressure is less than about 1 Torr, and the first flow
rate advantageously is maximized while maintaining the first
process pressure at less than about 1 Torr. Given currently
available vacuum pumps, the first flow rate typically is not
higher than about 3 SLM. The first process temperature is
not higher than about 800° C., and typically is not higher
than about 770° C. In one embodiment, the first process
temperature is about 750° C.

[0037] The silicon wafer is maintained at step 53 at the
first process pressure and at the first process temperature
while hydrogen gas is flowed at the first flow rate across the
surface of the silicon wafer for less than about 5 minutes,
and typically less than about 3 minutes. Step 53 can achieve
oxygen contamination levels of less than about 1x10*®
atoms per cubic centimeter. It may be desired, however, to
attain even lower concentrations of interfacial oxygen.

[0038] At step 54, the chamber pressure is raised to a
second process pressure (P,) greater than the first process
pressure (P;), and the silicon wafer is heated to a second
process temperature (T,) greater than the first process tem-
perature (T;). The second process pressure is greater than
about 1 Torr, and typically ranges between about 10 Torr and
about 100 Torr. In one embodiment, the second process
pressure is about 25 Torr. The higher process pressure (P.,)
allows hydrogen gas to be flowed through the process
chamber at a second flow rate (R,) greater than the first flow
rate (R,). It is desirable to maximize the second flow rate
while maintaining the second process pressure. The second
flow rate is greater than about 3 SLM, and typically ranges
between about 10 SLM and about 50 SLM. In one embodi-
ment, the second flow rate is about 20 SLM.

[0039] As discussed above, at higher process pressures
(and correspondingly higher hydrogen flow rates), increas-
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ing the process temperature was seen to result in a marked
decrease in oxygen and carbon contamination levels. The
wafer temperature is raised to second process temperature
(T,) that is greater than the first process temperature (T)),
but still not higher than about 800° C. The second process
temperature is typically between about 775° C. and about
800° C. In one embodiment where the first process tem-
perature is about 750° C., the second process temperature is
about 780° C.

[0040] The silicon wafer at step 55 is maintained at the
second process pressure and second process temperature
while hydrogen gas is flowed at the second flow rate across
the surface of the silicon wafer for up to about 3 minutes. In
one embodiment, the silicon wafer is maintained at the
second process pressure and the second process temperature
while hydrogen gas is flowed at the second flow rate for
about 2 minutes. Oxygen contamination levels of less than
about 5x10'7 atoms per cubic centimeter, and carbon con-
tamination levels of less than about 2x10'7 atoms per cubic
centimeter, may be achieved after step 55.

[0041] The incorporation of steps 54 and 55 into processes
of the present invention also can achieve at least the same
level of contamination removal more quickly than steps 50
through 53 (or the embodiment described above, with ref-
erence to FIG. 2) alone. In one embodiment, the silicon
wafer is maintained at the first process pressure (P,) and the
first process temperature (T,) while hydrogen gas is flowed
across the surface of the silicon wafer at the first flow rate
(R)) for about 1 minute. The silicon wafer is then maintained
at the second process pressure (P,) and the second process
temperature (T,) while hydrogen gas is flowed across the
surface of the silicon wafer at the second flow rate (R,) for
about 1 minute. Such an embodiment removes in about 2
minutes substantially all interfacial oxygen and carbon con-
tamination.

[0042] The process ends at 56, at which point the hydro-
gen flow is stopped. If the silicon wafer is to be processed
further in the processing chamber, the pressure and tem-
perature are adjusted for the next processing step. If the
silicon wafer is to be transferred out of the processing
chamber, the wafer is returned to the transfer temperature
and the processing chamber to the transfer pressure (typi-
cally by introducing dry nitrogen gas), and the silicon wafer
is then transferred out of the processing chamber into, e.g.,
a transfer chamber.

[0043] FIG. 6 shows the concentration levels of oxygen,
carbon, nitrogen, chlorine and fluorine contamination
remaining on a silicon surface, detected by secondary ion
mass spectroscopy (SIMS), as a function of wafer depth
after cleaning with the processes of the present invention.
The graphs in FIG. 6 show that the processes of the present
invention can achieve contamination levels below the detec-
tion limit of currently available SIMS for some contami-
nants. Given currently available SIMS detection limits, the
processes of the present invention can remove substantially
all interfacial oxygen, carbon, nitrogen, chlorine, and fluo-
rine contamination from a silicon wafer surface.

[0044] The processes of the present invention provide low
temperature cleaning of silicon surfaces without the use of
a reactive gas, and so without the risk of contamination from
the residues that such reactive gases can create. Moreover,
the risk of the chamber or devices on the silicon wafer being
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attacked by such reactive gases during wafer cleaning is also
eliminated. Processes in accordance with the present inven-
tion can be used to clean the surface of any type of silicon
wafer. After being cleaned in accordance with the present
invention, the silicon wafer may be processed by a variety
of processing methods known to those of skill in the art.

[0045] As indicated above, the cleaning processes of the
present invention may be carried out in the same chamber in
which a further processing step, such as deposition of an
electronic material, will be performed. Advantageously,
however, the cleaning process is carried out in a dedicated
cleaning chamber. A dedicated cleaning chamber reduces the
risk that residues from other processing steps will contami-
nate the silicon wafer surface during the cleaning process.
When used in conjunction with a process provided by the
present invention, no reactive gases are introduced into the
cleaning chamber, which is expected to reduce the time and
cost involved in maintaining the chamber. The use of a
dedicated cleaning chamber also is expected to increase the
throughput of silicon wafers processed through a multi-
chamber-clustered system, such as the one depicted in FIG.
1.

[0046] FIG. 7A shows one embodiment of a dedicated
apparatus for cleaning a surface of a silicon wafer in
accordance with another aspect of the present invention. The
cleaning apparatus of the present invention advantageously
can be incorporated into a multi-chamber-clustered system
as one of the plurality of single-wafer processing chambers.
The inventive features of the present cleaning apparatus also
can be incorporated into cleaning apparatuses that are not
used in a multi-chamber clustered system. The cleaning
apparatus of the present invention and its advantages will be
described in conjunction with the processes of the present
invention. However, those of ordinary skill in the art will
recognize that other processes can be practiced with a
cleaning apparatus of the present invention.

[0047] The embodiment of a cleaning apparatus 100
shown in FIG. 7A comprises a housing 110; a chamber 120
defined by an upper quartz dome 122, a lower quartz dome
124, and a quartz lining 126; a susceptor 130 positioned
within the chamber 120 and configured to accommodate to
a silicon wafer; a reflector 112 positioned outside the cham-
ber 120; a heater 150, shown in this embodiment as a lamp
module or a plurality of lamps; an inlet port 140 leading to
a gas supply represented in FIG. 7A by a gas tank 141; and
a vacuum port 142 leading to a vacuum system 160 for
evacuating the chamber 120. The cleaning apparatus 100
includes a system controller 200 which controls various
operations of the cleaning apparatus, such as gas flow,
process temperature and process pressure.

[0048] As used with a process of the present invention, a
silicon wafer 132 is first transferred into the chamber 120
from, e.g., a transfer chamber (not shown) and placed on the
susceptor 130 such that a first surface 134 of the silicon
wafer faces the reflector 112 and a second surface 136
contacts the susceptor 130. As described herein, the first
surface 134 corresponds to the surface of the silicon wafer
that is to be cleaned.

[0049] The vacuum system 160 evacuates the chamber
120 through the vacuum port 142. The vacuum port 142 is
positioned opposite the inlet port 140 such that hydrogen gas
introduced into the chamber flows from the inlet port 140
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across the first surface 134 towards the vacuum port 142, as
indicated by the arrows. Flowing the gas across the silicon
wafer surface in this manner improves the leak integrity of
the chamber because fewer seals are needed.

[0050] The vacuum system 160 may be the same vacuum
system used in a multi-chamber-clustered system to evacu-
ate the transfer chamber and/or other single-wafer process-
ing chambers, or it may be a separate vacuum system
dedicated to the cleaning apparatus.

[0051] In one embodiment, the vacuum system 160 com-
prises a vacuum pump that is placed near the chamber, or
near the point of use, such that the conductance through the
vacuum system and the flow rate of gas across the silicon
wafer surface may be maximized. Any type of vacuum pump
may be used in accordance with the present invention.
Generally, increased conductance can be achieved by mini-
mizing the length of vacuum line connecting the vacuum
pump to the vacuum port and/or increasing the diameter of
the vacuum line. Increasing the vacuum line diameter,
however, increases outgassing and thus the risk of contami-
nation, and also increases the cost of the vacuum system.
Advantageously, less than 3 feet of vacuum line is used to
connect the vacuum pump to the vacuum port. In one
embodiment, a mechanical dry pump with a pumping speed
of about 100 cubic meters per hour is connected with the
chamber via about 1 to 3 feet of 2-inch diameter vacuum line
and is operated with the throttle valve fully open.

[0052] Unlike other processing chambers which typically
radiate heat towards the wafer from both the top and bottom
surfaces, the heater 150 in the present cleaning apparatus
100 is configured to radiate heat through the lower quartz
dome 124 towards only one surface (shown here as the
second surface 136) of the silicon wafer 132. The reflector
112 reflects heat towards the other surface (shown here as
the first surface 134). It has been observed that one-sided
heating in conjunction with a reflector provides a more
uniform temperature across the wafer (e.g., a variance of
about +1.5° C. has been observed). Additionally, one-sided
heating with a reflector provides more reproducible heating
from wafer to wafer in that the heating variation that is
typically seen with wafers having different patterns and
features is reduced. Heating from one surface of the wafer
as opposed to both surfaces also reduces the cost of building
and operating the cleaning apparatus.

[0053] In one embodiment, the heater 150 comprises a
lamp module, or a plurality of lamps, positioned below the
susceptor 130. Any type of lamp, such as halogen lamps,
may be used. Other heating elements known to those of skill
in the art, such as resistive heating elements, also can be
used as the heater 150 in accordance with the present
invention.

[0054] In one embodiment, the reflector 112 comprises a
gold plating on a surface of the cleaning apparatus 100 that
faces the first surface 134 of the silicon wafer 132. In another
embodiment, the upper part of the chamber 120 is shielded
from the short-wavelength radiation of the heater 150 so that
the temperature of the silicon wafer 132 can be read cor-
rectly, even in the case of patterned wafers, by a pyrometer
170 placed directly above the silicon wafer.

[0055] The susceptor 130 advantageously is opaque, and
absorbs heat from the heater 150 and transfers it to the
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second surface 136 of the silicon wafer with which it is in
contact. The susceptor 130 may be made of solid silicon
carbide, silicon carbide coated graphite, or any other mate-
rial known in the art for such use. In one embodiment, the
susceptor 130 is connected with a motor (not shown) that
rotates the silicon wafer 132 within the chamber, so that the
first surface 134 of the silicon wafer is more uniformly
exposed to the gas flowing from the inlet port 140.

[0056] In another embodiment, the susceptor 130 has no
rotation mechanism, and the inlet port 140 defines a slit that
flows the gas across all of the first surface 134 in a plane.
Because the one-sided heating configuration in conjunction
with a reflector provides relatively uniform heating across
the surface of the silicon wafer, rotation of the wafer is not
necessary to provide uniform exposure to the heater. Elimi-
nation of a motor and other rotation hardware simplifies the
construction and maintenance of the cleaning apparatus of
the present invention.

[0057] All surfaces that define the chamber 120 comprise
quartz. Quartz is preferred over metal to minimize the risk
of outgassing from the chamber surfaces contaminating the
silicon wafer. In one embodiment, the surfaces defining the
chamber 120 are made of a low outgassing quartz. In another
embodiment, the surfaces defining the chamber 120 are
made of an infraredtransparent quartz that remains at a lower
temperature than the silicon wafer when the heater is acti-
vated. In the embodiment shown, the surfaces defining the
chamber 120 comprise the upper quartz dome 122, the lower
quartz dome 124, and the quartz lining 126.

[0058] The embodiment of the cleaning apparatus shown
in FIG. 7A includes a system controller 200 having a
computer readable medium 210 and a processor 220. The
processor 220 contains a single board computer (SBC),
analog and digital input/output boards, interface boards and
stepper motor controller boards (not shown). Various parts
of the cleaning apparatus of the present invention conform
to the Versa Modular Europeans (VME) standard that
defines board, card cage, and connector dimensions and
types. The VME standard also defines the bus structure
having a 16-bit data bus and 24-bit address bus.

[0059] The system controller 200 controls all the opera-
tions of the cleaning apparatus 100. The system controller
executes system control software, which is a computer
program stored in or transmitted by the computer-readable
medium 210. Computer-readable medium includes any
mechanism for storing or transmitting information in a form
readable by a computer, and includes, without limitation:
memory; magnetic disk storage media; optical storage
media; electrical, optical, acoustical, or other form of propa-
gated signals; and the like. The computer program includes
sets of instructions that dictate the timing, gas flow rates,
process pressures, process temperatures, heater power lev-
els, susceptor position, and other parameters of a particular
process. Input/output devices 230 such as a monitor and a
keyboard are used to interface between a user and the system
controller 200.

[0060] A process of cleaning silicon surfaces in accor-
dance with the present invention can be implemented using
a computer program that is stored in or transmitted by the
computer-readable medium. The computer program code
can be written in any conventional computer readable pro-
gramming language, such as 68000 assembly language, C,
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C++, Pascal, Fortran, or others. Also stored in or transmitted
by the computer-readable medium are process parameters
such as gas flow rates, process pressures and process tem-
peratures necessary to carry out the processing of a silicon
wafer in an apparatus of the present invention.

[0061] FIG. 7B illustrates an example of the hierarchy of
the system control program for implementing a process
according to the present invention. The system control
program includes a chamber manager subroutine 300 that
controls execution of various chamber component subrou-
tines that control operation of the chamber components
necessary to carry out the process. Examples of chamber
component subroutines are hydrogen gas control subroutine
310, pressure control subroutine 320, and heater control
subroutine 330. Those having ordinary skill in the art would
readily recognize that other chamber control subroutines can
be included depending on the processes desired to be
performed in the chamber.

[0062] In operation, the chamber manager subroutine 300
selectively schedules or calls the chamber component sub-
routines in accordance with the process being executed.
Typically, the chamber manager subroutine 300 includes
steps of monitoring the various chamber components, deter-
mining which components need to be operated based on the
process parameters for the process set to be executed and
causing execution of a chamber component subroutine
responsive to the monitoring and determining steps.

[0063] The hydrogen gas control subroutine 310 has pro-
gram code for controlling hydrogen gas flow rates. The
hydrogen gas control subroutine 310 controls the open/close
position of the safety shut-off valves, and also ramps
up/down a mass flow controller 143 to obtain the desired
flow rate. The hydrogen gas control subroutine 310 is
invoked by the chamber manager subroutine 300, as are all
chamber component subroutines, and receives from the
chamber manager subroutine 300 process parameters related
to the desired flow rates. Typically, the hydrogen gas control
subroutine 310 operates by opening the gas supply lines and
repeatedly (i) reading the necessary mass flow controllers,
(i) comparing the readings to the desired flow rate param-
eters received from the chamber manager subroutine 300,
(iii) and adjusting the mass flow controllers as necessary.
Furthermore, the hydrogen gas control subroutine 310
includes steps for monitoring the hydrogen gas flow for
unsafe flow rates, and activating the safety shut-off valves
when an unsafe condition is detected.

[0064] The pressure control subroutine 320 comprises
program code for controlling the pressure in the chamber
120 by regulating the size of the opening of the throttle valve
in the vacuum system 160. The pressure control subroutine
320 controls the chamber pressure to the desired level in
relation to the total process gas flow, chamber size, and
pumping set point pressure for the exhaust system. Typi-
cally, the pressure control subroutine 320 operates by mea-
suring the pressure in the chamber 120 by reading one or
more conventional pressure manometers connected to the
chamber; comparing the measured pressures to the desired
process pressure parameters received from the chamber
manager subroutine 300; obtaining PID (proportional, inte-
gral and differential) values from a stored pressure table
corresponding to the desired process pressure; and adjusting
the throttle valve according to the PID values obtained from
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the pressure table. In one embodiment, the process control
subroutine measures the partial pressure of oxygen and
water in the chamber 120, receives from the chamber
manager subroutine desired partial pressure parameters, and
adjusts the throttle valve accordingly. In another embodi-
ment, the pressure control subroutine 320 is written to open
or close the throttle valve to a particular opening size to
regulate the pressure in the chamber.

[0065] The heater control subroutine 330 comprises pro-
gram code for controlling the power provided to heater 150
that is used to heat the silicon wafer 132. The heater control
subroutine 330 operates by measuring the temperature in the
chamber 120 by reading the voltage output of temperature
measurement devices, such as a pyrometer 171 aimed at the
susceptor 130; comparing the measured temperature to the
desired process temperature received from the chamber
manager subroutine 300; and adjusting the power to the
heater 150 to obtain the desired process temperature.

[0066] The processes and apparatuses of the present
invention have been described with reference to certain
embodiments. Those of ordinary skill in the art will recog-
nize that numerous variations, modifications, and improve-
ments can be made to the embodiments described above. For
example, hydrogen gas may be passed through a purifying
filter before being flowed across the silicon wafer surface in
the present processes, and such a purifying filter may be
added to an apparatus of the present invention. The scope of
the present invention is not limited to the above embodi-
ments, but is defined by the claims that follow.

What is claimed is:
1. A process for cleaning a surface of a silicon wafer in a
chamber, the process comprising:

first transferring the silicon wafer into the chamber;

evacuating the chamber to a process pressure of less than
about 1 Torr;

while maintaining the process pressure, flowing hydrogen
gas across the surface of the silicon wafer;

heating the silicon wafer to a process temperature of not
higher than about 800° C.; and

maintaining the silicon wafer at the process pressure and
at the process temperature while flowing hydrogen gas
across the surface.

2. The process according to claim 1, wherein the silicon
wafer is transferred into the chamber at a temperature less
than the process temperature.

3. The process according to claim 1, wherein the silicon
wafer is transferred into the chamber at a temperature
between about 450° C. and about 600° C.

4. The process according to claim 1, wherein the silicon
wafer is transferred into the chamber at a temperature of
about 550° C.

5. The process according to claim 1, wherein the process
pressure is between about 0.1 Torr and about 1 Torr.

6. The process according to claim 1, wherein the process
pressure is between about 0.2 Torr and about 0.5 Torr.

7. The process according to claim 1, wherein hydrogen
gas is flowed at a rate of between about 0.03 SLM and about
3 SLM.

8. The process according to claim 1, wherein hydrogen
gas is flowed at a rate of about 0.3 SLM.
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9. The process according to claim 1, further comprising
maximizing the flow of hydrogen gas across the surface
while maintaining the process pressure at less than about 1
Torr.

10. The process according to claim 1, wherein the process
pressure is maintained while flowing hydrogen gas using a
pumping speed of at least about 30 cubic meters per hour.

11. The process according to claim 1, wherein the process
pressure is maintained while flowing hydrogen gas using a
pumping speed between about 30 and about 200 cubic
meters per hour.

12. The process according to claim 1, wherein the process
pressure is maintained while flowing hydrogen gas using a
pumping speed of about 100 cubic meters per hour.

13. The process according to claim 1, wherein the process
temperature is between about 700° C. and about 800° C.

14. The process according to claim 1, wherein the process
temperature is between about 750° C. and about 775° C.

15. The process according to claim 1, wherein the silicon
wafer is maintained at the process pressure and at the
process temperature while flowing hydrogen gas across the
surface for less than about 5 minutes.

16. The process according to claim 1, wherein the silicon
wafer is maintained at the process pressure and at the
process temperature while flowing the hydrogen gas across
the surface until substantially all interfacial oxygen contami-
nation is removed from the surface.

17. The process according to claim 1, wherein evacuating
the chamber occurs prior to heating the silicon wafer.

18. The process according to claim 1, wherein flowing
hydrogen gas occurs prior to heating the silicon wafer.

19. The process according to claim 1, wherein the process
pressure comprises a partial pressure of water and oxygen of
less than about 10 gTorr.

20. The process according to claim 1, wherein the process
pressure comprises a partial pressure of water and oxygen of
between about 1 gTorr to about 5 uTorr.

21. A process for cleaning a surface of a silicon wafer in
a chamber, the process comprising:

first transferring the silicon wafer into the chamber;

evacuating the chamber to a first process pressure of less
than about 1 Torr;

while maintaining the first process pressure, flowing
hydrogen gas across the surface of the silicon wafer at
a first flow rate;

heating the silicon wafer to a first process temperature of
not higher than about 800° C.;

maintaining the silicon wafer at the first process pressure
and at the first process temperature while flowing
hydrogen gas at the first flow rate across the surface;
then

increasing the first process pressure to a second process
pressure of greater than about 1 Torr;

increasing the flow of hydrogen gas across the surface of
the silicon wafer from the first flow rate to a second
flow rate while maintaining the second process pres-
sure;

increasing the first process temperature to a second pro-
cess temperature, the second process temperature still
being not higher than about 800° C.; and
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maintaining the silicon wafer at the second process pres-
sure and the second process temperature while flowing
hydrogen gas at the second flow rate across the surface.

22. The process according to claim 21, wherein the second
process pressure is between about 10 Torr and about 100
Torr.

23. The process according to claim 21, wherein the second
flow rate is greater than about 3 SLM.

24. The process according to claim 21, wherein the second
flow rate is between about 10 SLM and about 50 SLM.

25. The process according to claim 21, wherein the first
process temperature is not higher than about 770° C.

26. The process according to claim 21, wherein the second
process temperature is between about 775° C. and about
800° C.

27. The process according to claim 21, wherein the silicon
wafer is maintained at the first process pressure and at the
first process temperature while flowing hydrogen gas at the
first flow rate across the surface for less than about 3
minutes, and

wherein the silicon wafer is maintained at the second
process pressure and at the second process temperature
while flowing hydrogen gas at the second flow rate
across the surface for less than about 3 minutes.
28. A process for cleaning a surface of a silicon wafer in
a chamber, the process comprising:

first transferring the silicon wafer into the chamber at a
transfer temperature of less than about 600° C.;

evacuating the chamber to a first process pressure of less
than about 1 Torr;

flowing hydrogen gas across the surface of the silicon
wafer at a first flow rate of up to about 3 SLM while
maintaining the first process pressure;

heating the silicon wafer to a first process temperature of
not higher than about 770° C.;

maintaining the silicon wafer at the first process pressure
and at the first process temperature while flowing
hydrogen gas across the surface at the first flow rate for
less than about 3 minutes; then

increasing the first process pressure to a second process
pressure of between about 10 Torr and about 100 Torr;

increasing the flow of hydrogen gas across the surface of
the silicon wafer from the first flow rate to a second
flow rate of between about 10 SLM and about 50 SLM;

increasing the first process temperature to a second pro-
cess temperature, the second process temperature being
not higher than about 800° C.; and

maintaining the silicon wafer at the second process pres-
sure and the second process temperature while flowing
hydrogen gas at the second flow rate across the surface
for not more than about 3 minutes.
29. The process according to claim 28, wherein the first
process pressure is between about 0.1 Torr and about 1 Torr.
30. The process according to claim 28, wherein the first
process pressure is between about 0.2 Torr and about 0.5
Torr.
31. The process according to claim 28, wherein the first
flow rate is between about 0.03 SLM and about 3 SLM.
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32. The process according to claim 28, wherein the first
flow rate is about 0.3 SLM.

33. The process according to claim 28, wherein the first
process temperature is between about 700° C. and about
770° C.

34. The process according to claim 28, wherein evacuat-
ing the chamber occurs prior to heating the silicon wafer.

35. The process according to claim 28, wherein flowing
hydrogen gas occurs prior to heating the silicon wafer.

36. The process according to claim 28, wherein the second
process pressure is about 25 Torr.

37. The process according to claim 28, wherein the second
flow rate is about 20 SLM.

38. The process according to claim 28, wherein the first
process temperature is about 750° C. and the second process
temperature is about 780° C.

39. The process according to claim 28, wherein the second
process temperature is between about 775° C. and about
800° C.

40. The process according to claim 28, wherein the silicon
wafer is maintained at the first process pressure and at the
first process temperature while flowing hydrogen gas at the
first flow rate across the surface for about 1 minute.

41. The process according to claim 28, wherein the silicon
wafer is maintained at the second process pressure and at the
second process temperature while flowing hydrogen gas at
the second flow rate across the surface for about 1 minute.

42. An apparatus for cleaning a surface of a silicon wafer,
the silicon wafer having a first surface corresponding to the
surface to be cleaned and a second surface, the apparatus
comprising:

a housing having:
a chamber defined by surfaces comprised of quartz;
a reflector positioned outside the chamber;

a susceptor positioned within the chamber and config-
ured to accommodate the silicon wafer such that the
first surface faces the reflector;

an inlet port; and

a vacuum port positioned opposite the inlet port such
that a gas introduced from the inlet port flows across
the first surface towards the vacuum port; and

a heater configured to radiate heat towards only the

second surface of the silicon wafer.

43. The apparatus according to claim 42, wherein the
surfaces defining the chamber comprise a low outgassing
quartz.

44. The apparatus according to claim 42, wherein the
surfaces defining the chamber comprise an infrared-trans-
parent quartz.

45. The apparatus according to claim 42, wherein the
surfaces defining the chamber comprise an upper quartz
dome, a lower quartz dome, and a quartz lining.

46. The apparatus according to claim 42, wherein the
second surface of the silicon wafer is in contact with the
susceptor, and the susceptor transfers heat from the heater to
the silicon wafer.

47. The apparatus according to claim 42, wherein the
heater comprises one lamp module positioned outside the
chamber.
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48. The apparatus according to claim 42, wherein the
heater comprises a plurality of lamps positioned outside the
chamber.

49. The apparatus according to claim 42, further com-
prising a vacuum system connected with the vacuum port.

50. The apparatus according to claim 49, wherein the
vacuum system comprises a high-speed vacuum pump.

51. The apparatus according to claim 49, wherein the
vacuum system comprises a point-of-use pump connected
with the vacuum port via a 2-inch diameter vacuum line.

52. The apparatus according to claim 42, wherein the
reflector comprises a gold plating.

53. The apparatus according to claim 42, wherein the
susceptor is configured to be able to rotate the silicon wafer.

54. The apparatus according to claim 42, wherein the inlet
port defines a slit such that gas introduced through the inlet
port flows across the first surface in a plane.

55. A computer-readable medium having stored thereon
instructions to direct operation of a cleaning apparatus, the
instructions comprising:

first transferring a silicon wafer into a chamber;

evacuating the chamber to a process pressure of less than
about 1 Torr;

while maintaining the process pressure, flowing hydrogen
gas across a surface of the silicon wafer;

heating the silicon wafer to a process temperature of not
higher than about 800° C.; and

maintaining the silicon wafer at the process pressure and

at the process temperature while flowing hydrogen gas
across the surface.

56. A computer-readable medium having stored thereon

instructions to direct operation of a cleaning apparatus, the
instructions comprising:

first transferring a silicon wafer into a chamber;

evacuating the chamber to a first process pressure of less
than about 1 Torr;

while maintaining the first process pressure, flowing
hydrogen gas across a surface of the silicon wafer at a
first flow rate;

heating the silicon wafer to a first process temperature of
not higher than about 800° C.;

maintaining the silicon wafer at the first process pressure
and at the first process temperature while flowing
hydrogen gas at the first flow rate across the surface;
then

increasing the first process pressure to a second process
pressure of greater than about 1 Torr;

increasing the flow of hydrogen gas across the surface of
the silicon wafer from the first flow rate to a second
flow rate while maintaining the second process pres-
sure;

increasing the first process temperature to a second pro-
cess temperature, the second process temperature still
being not higher than about 800° C.; and

maintaining the silicon wafer at the second process pres-
sure and the second process temperature while flowing
hydrogen gas at the second flow rate across the surface.
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57. A computer-readable medium having stored thereon
instructions to direct operation of a cleaning apparatus, the
instructions comprising:

first transferring the silicon wafer into the chamber at a
transfer temperature of less than about 600° C.;

evacuating the chamber to a first process pressure of less
than about 1 Torr;

flowing hydrogen gas across the surface of the silicon
wafer at a first flow rate of up to about 3 SLM while
maintaining the first process pressure;

heating the silicon wafer to a first process temperature of
not higher than about 770° C.;

maintaining the silicon wafer at the first process pressure
and at the first process temperature while flowing
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hydrogen gas across the surface at the flow rate for less
than about 3 minutes; then

increasing the first process pressure to a second process
pressure of between about 10 Torr and about 100 Torr;

increasing the flow of hydrogen gas across the surface of
the silicon wafer from the first flow rate to a second
flow rate of between about 10 SLM and about 50 SLM;

increasing the first process temperature to a second pro-
cess temperature, the second process temperature being
not higher than about 800° C.; and

maintaining the silicon wafer at the second process pres-
sure and the second process temperature while flowing
hydrogen gas at the second flow rate across the surface
for not more than about 3 minutes.
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