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CONTAMINATION IMPARTED INTO SEMICONDUCTOR WAFERS DURING WAFER PROCESSING
BACKGROUND             [0001] The present disclosure relates to methods for
determining or monitoring the amount of metal contaminants imparted into
semiconductor wafers during processing and, particularly, for monitoring
the amount of metal contamination imparted during wafer processing
operations such as polishing, cleaning, oxide stripping and the like by
subjecting a silicon-on-insulator structure to the semiconductor process,
precipitating metal contamination in the structure and delineating the
metal contaminants.             [0002] Metal contamination in semiconductor
wafers is detrimental as the contamination can cause yield losses in the
resulting integrated circuits. Metal contamination has increasingly become
a concern in view of the trend toward smaller devices, devices with faster
operational speeds and lower manufacturing costs. Metal contamination may
be introduced into semiconductor wafers in a number of processing steps
including wafer polishing, cleaning, bond strength enhancing thermal
treatment, epitaxy, oxide stripping, plasma activation, wet chemical
etching, gas phase chemical etching, high temperature annealing, ion
implantation, oxidation and the like. 



[0003] Current methods for characterizing surface metal contamination
involve contacting the wafer with an extraction fluid such as water or
aqueous HF. Typically a drop of fluid is contacted with the wafer surface.
During the contact period metals dissolve into the extraction fluid. The
fluid may be analyzed by suitable means such as inductively coupled plasma
mass spectrometry (ICP-MS) in which a plasma is used to produce ions which
may be detected by a mass spectrometer. This detection method is limited in
that it generally cannot detect contaminants at a concentration of less
than 108 atoms/cm2. Moreover, conventional surface metal detection methods
are unable to provide spatial distribution information regarding
contaminants on the wafer surface. Bulk metal detection methods (e.g., bulk
silicon  WO 2011/077344PCT/1B2010/055925 2 digestion plus ICP-MS and SIMS
depth profile methods) also are characterized by low sensitivity.
[0004] There is a continuing need for methods for characterizing metal
contamination induced during various wafer manufacturing steps including,
for example, polishing, cleaning, etching and the like and for methods that
detect contamination below 108 atoms/cm2 and/or that are capable of
providing spatial distribution information relating to contaminants on the
wafer surface. SUMMARY             [0005] One aspect of the present
disclosure is directed to a method for determining or monitoring the amount
of metal contamination in a process. A siliconon-insulator structure is
exposed to a processing step. The silicon-on-insulator structure includes a
handle wafer, a silicon layer, and a dielectric layer between the handle
wafer and the silicon layer. The structure has a front surface on the
silicon layer. The processing step imparts metal contamination in the
silicon layer. The silicon-on-insulator structure is thermally annealed to
cause metal contaminants in the silicon layer to dissolve. The
silicon-on-insulator structure is cooled to form metal precipitates in the
silicon layer. The metal precipitates are delineated in the silicon layer. 



[0006] A further aspect of the present disclosure is directed to a method
for detecting metal precipitates in a semiconductor wafer having a front
surface. The wafer is contacted with an aqueous HF solution to create pits,
holes and/or cavities on the front surface of the wafer at or near the
sites of metal precipitates at the front surface of the wafer. The front
surface of the wafer is inspected for the presence of pits, holes and/or
cavities.             [0007] Yet another aspect of the present disclosure
is directed to a method for monitoring the amount of metal contamination
imparted into wafers during a semiconductor process. At least one
silicon-on-insulator structure is exposed to the semiconductor process. The
silicon-on-insulator structure includes a handle wafer, a silicon layer and
a dielectric layer between the handle wafer and the silicon layer.  WO
2011/077344PCT/1B2010/055925 3 Metal contamination indicators of the
silicon-on-insulator structures are evaluated and whether or not the amount
of metal contamination imparted into semiconductor wafers is acceptable is
verified.             [0008] Various refinements exist of the features
noted in relation to the above-mentioned aspects of the present disclosure.
Further features may also be incorporated in the above-mentioned aspects of
the present disclosure as well. These refinements and additional features
may exist individually or in any combination. For instance, various
features discussed below in relation to any of the illustrated embodiments
of the present disclosure may be incorporated into any of the
above-described aspects of the present disclosure, alone or in any
combination. BRIEF DESCRIPTION OF THE DRAWINGS             [0009] Figure 1
is a SOI structure suitable for use in accordance with embodiments of the
present disclosure; 



[0010] Figure 2 is a SOI structure with a precipitate in the silicon [0011]
Figure 3 is a SOI structure with a hole or pit formed after etching;
[0012] Figure 4 is a SOI structure with an undercut precipitate after
further etching;             [0013] Figure 5 is a SOI structure with a
cavity or divot formed after etching of the dielectric layer;
[0014] Figure 6 is a defect map of a SOI structure that was soaked in a
contaminated wafer cleaning bath according to Example 1; and
[0015] Figure 7 is a defect map of a SOI structure that was soaked in a
clean wafer cleaning bath according to Example 1.  WO
2011/077344PCT/1B2010/055925 



4            [0016] Corresponding reference characters indicate
corresponding parts throughout the drawings. DETAILED DESCRIPTION
[0017] Provisions of the present disclosure relate to methods for
determining or monitoring the amount of metal contamination in a process
and particularly a semiconductor process; whereas, other provisions relate
to methods for detecting metal precipitates in a semiconductor wafer.
Generally, the methods for monitoring include exposing a wafer and,
particularly, a silicon-on-insulator ("SOI") structure, having a silicon
layer (often referred to as a semiconductor layer or device layer), a
dielectric layer (typically silicon dioxide or silicon nitride) and a
substrate (sometimes referred to as a handle wafer or supporting layer) to
a processing step to impart metal contamination in the structure. The wafer
is thermally annealed and cooled to cause metal contaminants to precipitate
in the wafer and, in the case of SOI structures, to precipitate in the
silicon layer (i.e., semiconductor layer or device layer). It has been
found that in the case of SOI structures, the dielectric layer acts to
limit diffusion of metal contaminants and thereby traps the contaminants in
the silicon layer. This allows for a greater concentration of contaminants
to accumulate in the silicon layer which allows metals to precipitate upon
a thermal anneal and cooling. According to embodiments of the present
disclosure, the metal precipitates may be detected (synonymously
"delineated") by contacting the wafer with an etchant to create pits, holes
and/or cavities on the surface of the wafer near the sites of metal
precipitates. The wafer may then be inspected for the presence of these
pits, holes and/or cavities by known methods such as by light scattering
techniques.            [0018] It should be understood that while the
methods described herein are suitable for monitoring metal contamination in
one or more semiconductor processing steps, the methods may be used to
monitor contamination in other types of processes and the methods should
not be viewed to be limited to semiconductor processes. While the methods
of the disclosure are generally described in relation to semiconductor
processes, they may similarly be applied to any type of process without
limitation such as, for example, medical and biological environments which
require low WO 2011/077344PCT/1B2010/055925 5 



levels of contamination, particularly metal contamination. Such
contamination monitoring may involve shaping of the silicon-on-insulator
structure into a size and shape typical of the process (e.g., shaping into
square substrates, chips and the like); however, in other embodiments such
shaping is not performed. In this regard, references herein to
"semiconductor processes" should not be viewed in a limiting sense.
[0019] In a first step for monitoring metal contamination of one or more
processing steps (e.g., semiconductor processes), a silicon-on-insulator
structure is exposed to one or more processing step(s) of interest (e.g., a
semiconductor process) to gather information concerning the amount or
relative amount of contamination the processing step imparts in
semiconductor wafers. Generally, the processing step may be part of a
manufacturing protocol for producing semiconductor wafers or devices. The
wafers that are typically subjected to the processing step as part of the
protocol may be and typically are wafers other tha SOI structures such as,
for example, single crystal silicon wafers, multi-crystalline wafers or
epitaxial wafers. It should be understood that types of wafers normally
subjected to the protocol and particularly to the semiconductor processing
step include wafers that are not listed without limitation. In this regard,
it should be noted that the "semiconductor processing step" may be part of
a processing step in the production of photovoltaic cells and that use of
the term "semiconductor" should not be viewed in a limiting sense.
[0020] The wafers typically subjected to the semiconductor process of the
manufacturing protocol may have a diameter of about 75 mm or more, about
100 mm or more, about 150 mm or more, about 200 mm or more, about 300 mm or
more or about 450 mm or more. In this regard, the SOI structure used to
monitor the semiconductor process may have a diameter similar to or the
same as wafers produced according to the manufacturing protocol.
[0021] Examples of suitable semiconductor processes and operations in which
metal contamination may be monitored or determined include, for example,
polishing, cleaning, bond strength enhancing thermal treatment, epitaxy,
oxide stripping, plasma activation, wet chemical etching, gas phase
chemical etching, high WO 2011/077344PCT/1B2010/055925 6 temperature
annealing, ion implantation, oxidation and the like. In this regard, it
should be noted that processes other than those listed may be monitored
without limitation.            [0022] Generally, any type of metal may be
detected by embodiments of the present disclosure. Suitable metals that may
be detected include transition metals and, particularly, nickel, platinum,
iron and combinations of these metals. In this regard, embodiments of the
present disclosure should not be viewed to be limited to a certain type of
metal contamination as the present disclosure may suitably detect any type
of metal that may precipitate in silicon and whose precipitates strains the
silicon layer of the SOI structure at or near the site of the precipitates.
[0023] As stated above, a SOI structure is exposed to a semiconductor
process to determine or monitor the amount of metal contamination in a
semiconductor process. It should be understood that while the present
disclosure makes reference to "monitoring" a processing step for metal
contamination or for "determining" the metal contamination in a
semiconductor wafer, these terms should not be viewed in a limiting sense.
Embodiments of methods of the present disclosure may be used to determine
the amount of contamination imparted into wafers by correlating the results
to the contamination amount as determined by other techniques or may be
used to monitor the amount of contamination imparted by the processing step
by comparing the data to baseline data and determining whether the data
differs from the baseline. 



[0024] The SOI structure may be exposed to the semiconductor process of
interest by one of several methods. For instance, the SOI structure may be
subjected to the same processing step including the same processing
conditions as wafers that are typically subjected to the step as part of a
semiconductor wafer manufacturing protocol. For example, if the
semiconductor processing step is a mirror polish of an epitaxial wafer
comprising a single silicon wafer with an epitaxial layer thereon, a SOI
structure may be subjected to the mirror polish using the same polishing
conditions including the length of polish, chemical reagents and the like.
Alternatively, the SOI structure may be exposed to an atmosphere in which
the semiconductor process is conducted. For instance, the SOI structure may
be present in a "clean room" to WO 2011/077344PCT/1B2010/055925 7 verify
that the wafers are not being subjected to unacceptable contamination or
may be present within an apparatus in which the processing step is
performed. In one or more alternative embodiments, the SOI structure is
contacted with a source of fluid used in the processing step such as fluid
used to rinse or to etch semiconductor wafers. The SOI structure may be
contacted with the source of water for a period of time longer than in the
manufacturing protocol so as to impart a sufficient amount of contamination
in the silicon layer of the SOI structure as disclosed in U.S. Application
No. 12/967,382 entitled "Systems and Methods for Analysis of Water and
Substrates Rinsed in Water," filed December 14, 2010.             [0025]
Silicon-on-insulator structures and methods for producing them are
generally known by those skilled in the art (see, for example, U.S. Pat.
Nos. 5,189,500; 5,436,175; 6,790,747, each of which is incorporated herein
for all relevant and consistent purposes). A silicon-on-insulator structure
suitable for use in embodiments of the present disclosure is generally
referenced by numeral 40 in Figure 1. The SOI structure 40 generally
includes a thin layer of silicon 14 atop a dielectric or "insulating" layer
15 (e.g., an oxide layer) which is in turn disposed on a handle wafer 16
such as a silicon substrate.             [0026] An exemplary process of
making a SOI structure includes depositing a dielectric layer (e.g., an
oxide layer) on a polished front surface of a donor wafer. Particles (e.g.,
hydrogen atoms or a combination of hydrogen and helium atoms) are implanted
at a specified depth beneath the front surface of the donor wafer. The
implanted particles form a cleave plane in the donor wafer at the specified
depth at which they were implanted. The surface of the donor wafer is
cleaned in one or more cleaning operations to remove contaminants (e.g.,
organic compounds and other contaminant particles) deposited on the wafer
during the implantation process.             [0027] The front surface of
the donor wafer is then bonded to a handle wafer to form a bonded wafer
through a hydrophilic bonding process. The donor wafer and handle wafer are
bonded together by exposing the surfaces of the wafers to a plasma
containing, for example, oxygen or nitrogen. Exposure to the plasma
modifies the structure of the surfaces in a process often referred to as
surface activation. The  WO 2011/077344PCT/1B2010/055925 



8 wafers are then pressed together and a bond is formed therebetween. This
bond is relatively weak, and is strengthened before further processing
occurs.            [0028] In some processes, the hydrophilic bond between
the donor wafer and handle wafer (i.e., a bonded wafer) is strengthened by
heating or annealing the bonded wafer pair at temperatures between
approximately 300C and 500C. The elevated temperatures cause the formation
of covalent bonds between the adjoining surfaces of the donor wafer and the
handle wafer, thus solidifying the bond between the donor wafer and the
handle wafer. Concurrently with the heating or annealing of the bonded
wafer, the particles earlier implanted in the donor wafer weaken the cleave
plane. A portion of the donor wafer is then separated (i.e., cleaved) along
the cleave plane from the bonded wafer to form the SOI structure.
[0029] The bonded wafer is first placed in a fixture in which mechanical
force is applied perpendicular to the opposing sides of the bonded wafer in
order to pull a portion of the donor wafer apart from the bonded wafer.
According to some methods, suction cups are utilized to apply the
mechanical force. The separation of the portion of the donor wafer is
initiated by applying a mechanical wedge at the edge of the bonded wafer at
the cleave plane in order to initiate propagation of a crack along the
cleave plane. The mechanical force applied by the suction cups then pulls
the portion of the donor wafer from the bonded wafer, thus forming a SOI
structure. According to other methods, the bonded pair may instead be
subjected to an elevated temperature over a period of time to separate the
portion of the donor wafer from the bonded wafer. Exposure to the elevated
temperature causes initiation and propagation of a crack along the cleave
plane, thus separating a portion of the donor wafer.            [0030] The
resulting SOI structure comprises a thin layer of silicon (the portion of
the donor wafer remaining after cleaving) disposed atop the dielectric
layer and the handle wafer. The cleave surface of the SOI structure (i.e.,
the thin layer of silicon of the donor wafer) has a rough surface that may
be smoothed by additional processing.  WO 2011/077344PCT/1B2010/055925 9
and cooling as described below as the distance between metal contaminants
is less in thin layers. Accordingly, in one or more various embodiments of
the present disclosure, the SOI structure that is exposed to the
semiconductor process has a silicon layer with a thickness of less than
about 250 nm, less than about 175 nm or even less than about 100 nm. It
should be understood, however, that other thicknesses may be used without
departing from the scope of the present disclosure. Optionally, the silicon
layer may contain materials other than silicon such as carbon or germanium.



[0032] The dielectric layer 15 may be any electrically insulating material
suitable for use in a SOI structure, such as a material comprising Si02,
Si3N4, aluminum oxide, or magnesium oxide. In one embodiment, the
dielectric layer is Si02 (i.e., the dielectric layer consists essentially
of Si02). Si02 containing dielectric layers may suitably be more readily
etched by the etchants described below relative to other materials which
may form the dielectric layer. However, it is to be noted that in some
instances, it may alternatively be preferable to use a material for the
dielectric layer which has a melting point which is higher than the melting
point of pure Si02 (i.e., higher than about 1700C). Examples of such
materials are silicon nitride (Si3N4), aluminum oxide, and magnesium oxide.
The dielectric layer is typically less than about 500 nm thick and, in
certain embodiments, is less than about 300 nm thick, less than 200 nm
thick or less than about 150 nm thick.            [0033] As stated above,
it has been found that the dielectric layer of the SOI structure acts to
limit diffusion of metal contaminants and traps the contaminants in the
silicon layer. Once metal contaminants have been imparted into the SOI
structure and, particularly, the silicon layer, the structure may be
thermally annealed to dissolve the metal contaminants. After the thermal
anneal, the structure may be cooled as explained below to cause the metal
contaminants to precipitate in the silicon layer. In accordance with
embodiments of the present disclosure, the temperature to which the SOI
structure is annealed may range from about 800C to about the melting
temperature of silicon (e.g., 1414C), and, in other embodiments, is from
about 800C to about 1300C, from about 800C to about 1150C or from about
850C to about 1050C. It has been found that the thermal anneal acts to
dissolve precipitates and metal contaminants that are present in the
silicon layer prior to the WO 2011/077344PCT/1B2010/055925 10 thermal
anneal (i.e., metal precipitates and metal contamination that cannot be
attributed to the semiconductor process to which the SOI structure was
exposed or, stated differently, "baseline" contamination) and to dissolve
metal contamination imparted by the semiconductor process. In this manner,
metal contamination may be evenly distributed throughout the silicon layer.
Generally, temperatures above about 800C are believed to be able to reduce
if not nearly eliminate precipitates present in the thermal anneal prior to
the anneal; however, it should be understood that other temperatures may be
used without departing from the scope of the present disclosure. For
instance, temperatures as low as about 600C may be suitable to dissolve
metal contaminants (and particularly certain types of metal contaminants)
at the surface of the silicon layer into the silicon layer bulk. It is also
believed that use of anneal temperatures below about 1300C allows the
anneal to be conducted for relatively long periods of time (such that the
time of anneal may not be controlled as in some embodiments of the
disclosure) as there is less risk that metals may diffuse into and through
the dielectric layer at temperatures below about 1300C. Further, it is
believed that thermally annealing at a temperature above about 1300C may
introduce thermal defects and contamination into the structure which may
affect the defect pattern. In this regard, it should be understood that
anneal temperatures above about 1300C may be used without departing from
the scope of the present disclosure.            [0034] Generally the metal
precipitates and contaminants are capable of dissolving once the anneal
temperature is reached; however, in certain embodiments, the SOI structure
is held at the anneal temperature (or in certain embodiments above a
minimum anneal temperature) for at least about 1 second, at least about 5
seconds, at least about 30 seconds, at least about 1 minute, at least about
5 minutes or even up to an hour or more.            [0035] The thermal
anneal may be performed under an atmosphere of any gas and, in certain
embodiments, is performed under an atmosphere that contains hydrogen,
argon, nitrogen or mixtures thereof Optionally, the atmosphere may contain
an amount of oxygen to form an oxide layer on the surface of the silicon
layer so as to trap metal contaminants in the silicon layer. In one or more
embodiments, the atmosphere consists essentially of hydrogen. The anneal
may be performed at about  WO 2011/077344PCT/1B2010/055925 



11 atmospheric pressure; however, it should be understood that pressures
other than atmospheric pressure may be used including pressures up to about
0.2 MPa, up to about 1 MPa, up to about 10 MPa or more or vacuums of less
than about 50 kPa, less than about 1 kPa, less than about 0.1 kPa or even
less may be used without limitation.            [0036] After the anneal is
completed, the SOI structure may be cooled to a temperature at which the
metal contaminants are supersaturated in the silicon layer. Once this
supersaturation condition is achieved, a precipitation event may occur in
which metal contaminants combine. Metals of the same type may combine or
different types of metals may combine to form a precipitate alloy and or
co-precipitate without limitation. Generally, the SOI structure may be
cooled to a supersaturation temperature at a cooling rate sufficiently low
enough to allow the mobile contaminants to combine. Supersaturation
temperatures may vary depending on the concentration of contaminants and
may be determined experimentally. Generally, supersaturation conditions
occur at a temperature from about 600C to about 1100C.            [0037] In
certain embodiments, the SOI structure is cooled through the range of
temperatures through which metal contaminants are relatively mobile in
silicon at a specified rate that allows the metal precipitates to combine.
While not being bound to a particular theory, it is believed that different
metal contaminants may be relatively mobile in silicon over varying
temperatures which may be determined experimentally; however it is believed
that most metal contaminants are relatively mobile in silicon at
temperatures above about 600C. In certain embodiments and depending on the
type and concentration of contaminants present in the silicon wafer, metal
contaminants may be relatively mobile at temperatures above about 500C,
above about 350C or even above temperatures as low as about 200C.
Generally, the metal contaminants are considered to be immobile when the
metal diffusion rate is sufficiently slow to prevent further nucleation and
growth of the precipitates.            [0038] In some embodiments, the
cooling rate of the SOI structure from the supersaturation temperature
(i.e., the maximum temperature at which the supersaturation condition
occurs as the wafer is cooled) through the range of temperatures through
which metal contaminants are relatively mobile in silicon is less  WO
2011/077344PCT/1B2010/055925 12 than about 7C/sec (as measured from the
point at which the SOI structure begins to cool to the point at which metal
contaminants are no longer mobile (e.g., about 600C)). Without being bound
to any particular theory, it is believed that at cooling rates above about
7C/sec, precipitation nucleation may be inhibited. In other embodiments,
the cooling rate from the supersaturation temperature through the range of
temperatures through which metal contaminants are relatively mobile in
silicon is less than about 5C/sec, less than about 1C/sec, less than about
0.5C/sec or even less than about 0.1C/sec. In some embodiments, the cooling
rate may range from about 0.05C/sec to about 10C/sec, from about 0.5C/sec
to about 7C/sec or from about 1C/sec to about 5C/sec. It should be noted
that the controlled cooling may extend to ambient conditions without
departing from the scope of the present disclosure. Further, the cooling
rates described above may also extend from the anneal temperature to the
point at which metal contaminants are no longer mobile (e.g., about 600C)).



[0039] In addition or alternatively, the cooling rate may be characterized
by a saturation temperature at which metal contaminants are supersaturated
in the silicon layer (Tsat), by a temperature at which metal contaminants
are no longer mobile in silicon (Timmobile), and by the length of time
(-Go) in which the wafer is cooled from about Tsai to about Timmobile. In
some embodiments, (Tsai - Timmobile)/ tool may be less than about 7C/sec
and in others less than about 5C/sec, less than about 1C/sec, less than
about 0.5C/sec or less than about 0.1C/sec. In some embodiments, (Tsai -
Timniobile)/ tool may range from about 0.05C/sec to about 10C/sec, from
about 0.5C/sec to about 7C/sec or from about 1C/sec to about 5C/sec.
[0040] In this regard, the cooling rate may be controlled through a larger
range of temperatures that encompasses the range Tsat to about Timmobile,
particularly if the saturation temperature is unknown. For example, the
cooling rate may be characterized by the temperature of the SOI structure
upon completion of the thermal anneal, Tanneal in addition to the
temperature at which metal contaminants are no longer mobile in silicon
(Timmobile), and by the length of time, tool, in which the wafer is cooled
from about Tanneal to about Tjmmobjle. In some embodiments, (Tanneal -
Timmobile)/ tcool may be less than about 7C/sec and in others less than
about 5C/sec, less  WO 2011/077344PCT/1B2010/055925 13 than about 1C/sec,
less than about 0.5C/sec, less than about 0.1C/sec, or from about 0.05C/sec
to about 10C/sec, from about 0.5C/sec to about 7C/sec or from about 1C/sec
to about 5C/sec.             [0041] Once the metal precipitates have formed
by annealing and cooling, the metal precipitates may be delineated. In
accordance with embodiments of the present disclosure, delineation may be
performed by contacting the surface of the SOI structure (i.e., the surface
of the silicon layer) with an etchant that selectively creates a pit, hole
or cavity at or near the site of metal precipitates that are near the
surface of the silicon layer. The etchant may be gaseous or may be a
solution. Suitable etching solutions may include a compound selected from
the group consisting of HF, K2Cr207, Cr03, HNO3, CH3COOH, Cr203, AgNO3 and
mixtures thereof The surface of the SOI structure may be contacted with the
etchant by immersing (or at least partially immersing) the SOI structure in
an etchant bath or by selectively etching the surface by contacting the
surface with an etchant gas. Batch-immersion (cleaning benches) may be used
for etching and spin etching techniques may also be used without departing
from the scope of the present disclosure. It is generally not necessary to
mask the edge of the wafer during etching as the dielectric layer may be
sealed by material collapsed from the silicon layer.             [0042] In
some particular embodiments, the solution is an aqueous HF solution. The
concentration of HF in the solution (by weight) may be less than about 50%
and, in other embodiments, is less than about 25%, less than about 10%,
less than about 5% or less than about 2%. In certain embodiments, the
concentration of HF in the solution (by weight) may range from about 0.1%
to about 5% or from about 0.5% to about 2%. In some particular embodiments,
the concentration of HF (by weight) is about 1%. The HF solution may
contain one or more other components such as complexing ligands or
surfactants; however, in certain embodiments the etchant consists
essentially of water and HF. The etchant may also be a gas that is
contacted with the silicon layer. Suitable gases include HF gas that may be
diluted in a carrier gas such as hydrogen, argon or nitrogen. 



WO 2011/077344PCT/1B2010/055925 14            [0043] The period of time for
which the etchant contacts the silicon layer may vary according to the
corrosiveness of the etchant and its concentration. Generally, for the
etchants known as Secco etchants (e.g., that contain K2Cr207 or Cr203) and
for etchants that contain Cr03, HNO3, CH3C00H or AgNO3 the etchant is
contacted with the SOI structure for a relatively short period of time such
as, for example, at least about 1 second, at least about 5 seconds, at
least about 10 seconds or at least about 20 seconds. In other embodiments,
the period of time may range from at least about 1 second to about 2
minutes, from about 1 second to about 1 minute or from about 10 seconds to
about 1 minute.            [0044] In embodiments where aqueous HF is used,
the solution may be contacted with the SOI structure for a relatively
longer period of time. For instance, the surface of the silicon layer may
be contacted with the etchant for at least about 1 hour, at least about 4
hours or at least about 8 hours. In some embodiments, the period of contact
of the HF solution and the silicon layer may range from about 8 hours to
about 16 hours.            [0045] Generally, the etchant (whether HF or
another etchant) is contacted with the SOI structure at room temperature,
however higher temperatures may be used such as up to about 50C, up to
about 100C, up to about 150C or more.            [0046] Without being bound
to any particular theory, it is believed that the etchant acts to create a
pit or hole at the site or near the site of metal precipitates that are at
the surface of the silicon layer. The etchant preferentially etches the
area at or near metal precipitates as this area tends to be strained (i.e.,
the crystal lattice is weaker) at or near the sites of metal precipitates.
This hole or pit may begin to extend toward the dielectric layer. Certain
etchants (e.g., HF) may cause the dielectric layer to dissolve thereby
undercutting the site of the metal precipitate and eventually causing the
material above the undercut portion to cave downward thereby forming a
cavity (synonymously "divot"). Other etchants (such as the Secco-type
etchants) are not capable of substantially dissolving the dielectric layer
and form small holes or pits rather than cavities. In this regard, it
should be understood that the terms "pits," holes" or "cavities" should not
be viewed in a limiting sense. Generally, these terms  WO
2011/077344PCT/1B2010/055925 



15 encompass any modification of the silicon layer at the site of metal
precipitates that result in light scattering (e.g., light point defects)
upon reflection of light off the SOI structure surface.             [0047]
In some embodiments, the SOI structure is contacted with two different
types of etchants for periods of time. For instance, the SOI structure may
be contacted with a Secco-type etchant (e.g., that contains K2Cr207 or
Cr203) to form small holes in the surface of the SOI structure at or near
the site of metal precipitates and then may be contacted with an etchant
solution containing HF to dissolve a portion of the dielectric layer
thereby creating a cavity or divot at or near the site of the metal
precipitate.             [0048] The delineation process is generally shown
in Figures 2-5. A metal precipitate 21 (Fig. 2) may be delineated by
contacting the silicon layer 14 with an etchant so as to form a hole or pit
25 at or near the site of the metal precipitate (Fig. 3). The etchant eats
away the silicon layer 14 and eventually undercuts it by etching the
dielectric layer (Fig. 4). This undercutting 32 eventually leads to the
silicon layer partially collapsing and forming a cavity 45 (Fig. 5).
[0049] Once the pits, holes and/or cavities have been formed, the surface
of the SOI structure may be inspected for the presence of pits, holes
and/or cavities. Suitable inspection may involve directing light to the
front surface of the silicon-on-insulator structure and detecting scattered
reflected light which is detected as a "light point defect" or "LPD."
Equipment that can perform such analysis includes wafer laser-based
inspection tools such as ADE Optical Systems (AOS) or KLATencor SP1 Series,
both manufactured by KLA-Tencor Corporation (San Jose, CA). In this regard,
it should be understood that other equipment and methods may be used to
detect pits, holes and/or cavities without limitation including, for
example, optical microscopes, scanning electron microscopes and the like
which may provide spatial distribution information by examining multiple
field of view. In certain embodiments, the light scattering may be
correlated to the amount of contamination imparted into the
silicon-on-insulator structure.  WO 2011/077344PCT/1B2010/055925 16
[0050] It is believed that the methods of the present disclosure are
capable of detecting metal contamination as low as about 1 x 107 atoms per
cm2 of SOI structure surface and, in other embodiments, as low as about 3 x
107 atoms/cm2, as low as about 7 x 107 atoms/cm2 or as low as 1 x 108
atoms/cm2. It should be noted that the precise lower limit of contamination
that the methods of the present disclosure are capable of detecting is
difficult to determine as conventional detection techniques are generally
not capable of detecting metal contamination below about 108 atoms/cm2. In
this regard, it should be noted that the disclosed methods are also capable
of providing information related to the spatial distribution of pits, holes
and/or cavities (see Example 1 and Figs. 6-7). The information may be
analyzed to determine the metal-contaminating effect of the semiconductor
process. 



[0051] Once the metal precipitates are delineated and the surface of the
wafer is inspected for the resulting pits, holes or cavities, this
information may be used to confirm that the semiconductor process is not
imparting unacceptable amounts of metal contamination in semiconductor
wafers subject to the manufacturing protocol. If the level of contamination
is determined to be too high, process conditions may be adjusted to reduce
the amount of contamination. In this regard, it may be beneficial to
determine a baseline level of metal contamination that is acceptable and
correlate this baseline metal contamination to a baseline amount of light
scattering present on the surface of a SOI structure that is subjected to
the semiconductor process, annealed, cooled and precipitate-delineated.
[0052] In an exemplary process for confirming whether the semiconductor
process is imparting unacceptable amounts of metal contamination, at least
one SOI structure is exposed to the semiconductor process. Metal
contamination indicators (e.g., metal precipitates; pits, cavities and/or
holes; or scattered light reflected from the surface of the
silicon-on-insulator structure) are evaluated and may be used to establish
baseline and threshold concentrations of such indicators and/or
contaminants. This information may be used to verify whether the amount of
metal contamination imparted into semiconductor wafers subsequently exposed
to the same process is acceptable. The semiconductor process may then be
adjusted to reduce that amount of metal contamination induced into wafers
during the semiconductor process  WO 2011/077344PCT/1B2010/055925 17 if the
amount of metal contamination was determined to be unacceptable. The
relative amount of metal contamination may be verified by comparing the
metal contamination indicators to metal contamination indicators gathered
when the level of contamination was determined to be acceptable. As
described above, after the SOI structure is exposed to the semiconductor
process, metal precipitates may be formed in the SOI structure by thermally
annealing the SOI structure to cause metal contaminants in the silicon
layer to dissolve and by cooling the SOI structure such that the
concentration of metal contaminants in the silicon layer may exceed a
critical supersaturation level. The precipitates may be delineated as
described above and laser light-based inspectors may be used to detect the
presence of pits, holes and/or cavities formed at or near the site of metal
precipitates.            [0053] In one or more embodiments, a defect map
that shows the spatial distribution of metal precipitates (as determined by
light scattering events) on the surface of the wafer may be produced (see
Example 1 and Figs. 6-7). Metal contamination may be verified by comparing
the defect map to a defect map produced when the level of contamination was
determined to be acceptable. Typically the respective defect maps will be
prepared under substantially the same conditions such as, for example,
using the same semiconductor process (polishing, cleaning, etc.), using
substantially the same anneal times, temperatures and cooling times.
[0054] Wafer inspection instruments generally measure light point defects
that are attributed to any type of metal. To differentiate the types of
metals that are present in the SOI structure, the site of a pit, hole
and/or cavity may be viewed by, for example, atomic force microscope, to
analyze the morphology of the pit, hole or cavity. Without being bound to
any particular theory, it is believed that different types of metals are
characterized by a distinct morphology at the site of the pit, hole or
cavity. 



[0055] In accordance with the present disclosure, methods for detecting
metal precipitates in a semiconductor wafer are also provided. While the
above methods of delineation were described in context to the method of
monitoring or determining metal contamination by use of a SOI structure, it
should be understood that metal precipitates in other types of wafers
including non-SOI single crystal silicon  WO 2011/077344PCT/1B2010/055925
18 wafers, multi-crystalline wafers or epitaxial wafers may detected. In
one preferred embodiment, precipitates in a semiconductor wafer having a
front surface are detected (i.e., delineated) by contacting the wafer with
an aqueous HF solution to create pits, holes and/or cavities on the front
surface of the wafer at or near the sites of metal precipitates at the
front surface of the wafer. The front surface of the wafer may then be
inspected for the presence of pits, holes and/or cavities. The
concentration of the HF solution and etching time are generally described
above. Once the pits, holes and/or cavities are formed, their presence may
be detected by directing light to the front surface of the wafer to detect
scattered reflected light. EXAMPLES Example 1: Detection of Metal
Contamination in a Wafer Cleaning Step            [0056] A
silicon-on-insulator structure having a silicon layer of a thickness of
88.0 nm was soaked for 9 minutes in a SC-1 wafer cleaning bath (i.e.,
aqueous mixture of NH4OH and H202) that contained trace amounts of nickel.
The amount of metals in the surface of the wafer was measured by ICP-MS and
was determined to be less than 3 x 108 atoms/cm2.            [0057] The SOI
structure was placed in the reaction chamber of an epitaxial reactor and
heated to 1100C in an H2 ambient for 1 minute. The wafer was allowed to
cool in the reactor by radiative and convective cooling to a temperature of
200C and was removed from the reaction chamber. The wafer was subjected to
a 12 hour soak in an HF aqueous solution (1 wt%). The wafer was rinsed and
was inspected (KLA-5P2). The defect map is shown in Figure 6. The defect
map shows a high number of counts despite the wafer being lightly
contaminated. The defect map is highly patterned with darker regions
indicating higher amounts of contamination. 



[0058] A second SOI structure that was processed in a SC-1 bath that was
not contaminated was also heated and exposed to a HF bath under the same
process conditions. The structure was also inspected for surface defects
(KLA-5P2). The defect map is shown in Figure 7. The structure showed less
defects with little variation in the counts.  WO
2011/077344PCT/1B2010/055925 19            [0059] When introducing elements
of the present disclosure or the preferred embodiments(s) thereof, the
articles "a", "an", "the" and "said" are intended to mean that there are
one or more of the elements. The terms "comprising", "including" and
"having" are intended to be inclusive and mean that there may be additional
elements other than the listed elements.            [0060] As various
changes could be made in the above apparatus and methods without departing
from the scope of the disclosure, it is intended that all matter contained
in the above description and shown in the accompanying figures shall be
interpreted as illustrative and not in a limiting sense.  WO
2011/077344PCT/1B2010/055925 20 



WHAT IS CLAIMED IS:              1. A method for determining or monitoring
the amount of metal contamination in a process, the method comprising:
exposing a silicon-on-insulator structure to a processing step, the
siliconon-insulator structure comprising a handle wafer, a silicon layer,
and a dielectric layer between the handle wafer and the silicon layer, the
structure having a front surface on the silicon layer, the processing step
imparting metal contamination in the silicon layer;             thermally
annealing the silicon-on-insulator structure to cause metal contaminants in
the silicon layer to dissolve;             cooling the silicon-on-insulator
structure to form metal precipitates in the silicon layer; and delineating
the metal precipitates in the silicon layer.              2. The method as
set forth in claim 1 wherein the process is a semiconductor process and the
silicon-on-insulator structure is exposed to a semiconductor processing
step.              3. The method as set forth in claim 2 wherein the
semiconductor process is selected from a group consisting of polishing,
cleaning, bond strength enhancing thermal treatment, epitaxy, oxide
stripping, plasma activation, wet chemical etching, gas phase chemical
etching, high temperature annealing, ion implantation and oxidation.
4. The method as set forth in claim 1 wherein the metal precipitates are
delineated by contacting the surface of the silicon layer with an etchant. 



5. The method as set forth in claim 4 wherein the etchant is a solution
that comprises a compound selected from the group consisting of HF,
K2Cr207, Cr203, HNO3, CH3COOH, Cr03, AgNO3 and mixtures thereof.  WO
2011/077344PCT/1B2010/055925 21             6. The method as set forth in
claim 5 wherein the solution is an aqueous HF solution, the concentration
of HF by weight being less than about 50%, less than about 25%, less than
about 10%, less than about 5%, less than about 2%, from about 0.1% to about
5%, from about 0.5% to about 2% or about 1%.             7. The method as
set forth in claim 5 or claim 6 wherein the etchant consists essentially of
water and HF.             8. The method as set forth in claim 4 wherein the
etchant is HF gas.             9. The method as set forth in any one of
claims 1 to 8 wherein the delineating step creates pits, holes and/or
cavities on the front surface of the silicon-oninsulator structure.
10. The method as set forth in any one of claims 4, 6 or 9 wherein the
etchant is a solution that comprises HF and the surface of the silicon
layer is contacted with the etchant for at least about 1 hour, at least
about 4 hours, at least about 8 hours or from about 8 hours to about 16
hours. 



11. The method as set forth in claim 4 or claim 9 wherein the etchant is a
solution that comprises a compound selected from the group consisting of
K2Cr207, Cr203, HNO3, CH3C00H, Cr03, AgNO3 and mixtures thereof and the
surface of the silicon layer is contacted with the etchant for at least
about 1 second, at least about 5 seconds, at least about 10 seconds, at
least about 20 seconds, from at least about 1 second to about 2 minutes,
from about 1 second to about 1 minute or from about 10 seconds to about 1
minute.             12. The method as set forth in claim 9 comprising
inspecting the silicon-on-insulator structure for the presence of pits,
holes and/or cavities in the front surface.             13. The method as
set forth in claim 12 comprising directing light to the front surface of
the silicon-on-insulator structure and detecting scattered reflected light.
14. The method as set forth in any one of claims 1 to 13 wherein the
silicon-on-insulator structure is thermally annealed at a temperature from
about 600C  WO 2011/077344PCT/1B2010/055925 22 to about 1300C, from about
800C to about 1300C, from about 800C to about 1150C or from about 850C to
about 1050C.              15. The method as set forth in claim 14 wherein
the silicon-on-insulator structure is thermally annealed at the stated
temperature range for at least about 1 second, at least about 5 seconds, at
least about 30 seconds, at least about 1 minute, at least about 5 minutes
or at least about an hour. 



16. The method as set forth in any one of claims 1 to 15 wherein the
surface of the silicon-on-insulator structure is contacted with a gas
selected from the group consisting of hydrogen, argon, nitrogen and
mixtures thereof during the anneal.              17. The method as set
forth in any one of claims 1 to 15 wherein the surface of the
silicon-on-insulator structure is contacted with hydrogen during the
anneal.              18. The method as set forth in any one of claims 1 to
17 wherein the silicon-on-insulator structure is cooled to a temperature at
which the metal contaminants are supersaturated in the silicon layer.
19. The method as set forth in any one of claims 1 to 18 wherein the
silicon-on-insulator structure is cooled through the range of temperatures
through which metal contaminants are relatively mobile in silicon to a
temperature at which the metal contaminants are no longer relatively
mobile.              20. The method as set forth in claim 19 wherein there
exists a temperature at which metal contaminants are supersaturated in the
silicon layer and the cooling rate from the supersaturation temperature to
the temperature at which the metal contaminants are no longer relatively
mobile is less than about 7C/sec, less than about 5C/sec, less than about
1C/sec, less than about 0.5C/sec, less than about 0.1C/sec, from about
0.05C/sec to about 10C/sec, from about 0.5C/sec to about 7C/sec or from
about 1C/sec to about 5C/sec.  WO 2011/077344PCT/1B2010/055925 23
21. The method as set forth in claim 19 or claim 20 wherein metal
contaminants are relatively mobile in silicon at temperatures above about
200C, above about 350C, above about 500C or above about 600C. 



22. The method as set forth in any one of claims 1 to 18 wherein there
exists a temperature, Tsat, at which metal contaminants are supersaturated
in the silicon layer and a temperature, Timmobite, at which metal
contaminants are no longer mobile in silicon, the method comprising cooling
the silicon-on-insulator structure from about Tsat to about Timmobile over
a length of time, tool, upon completion of the thermal anneal, wherein
(Tsat Timmobile)/ tool is less than about 7C/sec, less than about 5C/sec,
less than about 1C/sec, less than about 0.5C/sec, less than about 0.1C/sec,
from about 0.05C/sec to about 10C/sec, from about 0.5C/sec to about 7C/sec
or from about 1C/sec to about 5C/sec.             23. The method as set
forth in any one of claims 1 to 18 wherein the silicon-on-insulator
structure is at temperature, Tanneat, upon completion of the thermal anneal
and there exists a temperature, Timmobite, at which metal contaminants are
no longer mobile in silicon, the method comprising cooling the
silicon-on-insulator structure from about Tan/lea to about Timmobile over a
length of time, tool, upon completion of the thermal anneal, wherein
(Tannea - Timmobile)/ tcool is less than about 7C/sec, less than about
5C/sec, less than about 1C/sec, less than about 0.5C/sec, less than about
0.1C/sec, from about 0.05C/sec to about 10C/sec, from about 0.5C/sec to
about 7C/sec or from about 1C/sec to about 5C/sec.             24. The
method as set forth in any one of claims 1 to 23 wherein the dielectric
layer comprises a compound selected from Si02, Si3N4, aluminum oxide,
magnesium oxide, and mixtures thereof             25. The method as set
forth in any one of claims 1 to 24 wherein the dielectric layer consists
essentially of Si02.             26. The method as set forth in any one of
claims 1 to 25 wherein the thickness of the silicon layer is less than
about 250 nm, less than about 175 nm or less than about 100 nm.  WO
2011/077344PCT/1B2010/055925 24              27. The method as set forth in
any one of claims 1 to 26 wherein the anneal is performed at about
atmospheric pressure. 



28. The method as set forth in any one of claims 1 to 27 wherein the method
is capable of detecting metal contamination less than about 108 atoms/cm2.
29. The method as set forth in any one of claims 1 to 28 wherein the method
is capable of detecting metal contamination as low as about 1 x 107
atoms/cm2, as low as about 3 x 107 atoms/cm2, as low as about 7 x 107
atoms/cm2 or as low as about 1 x 108 atoms/cm2.              30. The method
as set forth in any one of claims 2 to 29 wherein the silicon-on-insulator
structure is subjected to the semiconductor processing step.
31. The method as set forth in any one of claims 2 to 29 wherein the
silicon-on-insulator structure is exposed to an atmosphere in which the
semiconductor processing step occurs.              32. The method as set
forth in any one of claims 1 to 31 wherein the spatial distribution of the
delineated metal precipitates is analyzed to determine the
metal-contaminating effect of the semiconductor process.              33.
The method as set forth in any one of claims 9 to 32 wherein the spatial
distribution of pits, holes and/or cavities is analyzed to determine the
metal-contaminating effect of the semiconductor process.              34.
The method as set forth in any one of claims 13 to 33 wherein scattered
reflected light is analyzed to determine the metal-contaminating effect of
the semiconductor process.              35. A method for detecting metal
precipitates in a semiconductor wafer having a front surface, the method
comprising:             contacting the wafer with an aqueous HF solution to
create pits, holes and/or cavities on the front surface of the wafer at or
near the sites of metal precipitates at the front surface of the wafer; and



WO 2011/077344PCT/1B2010/055925 25             inspecting the front surface
of the wafer for the presence of pits, holes and/or cavities.
36. The method as set forth in claim 35 comprising directing light to the
front surface of the wafer and detecting scattered reflected light.
37. The method as set forth in claim 35 or claim 36 wherein the
concentration of HF in the aqueous HF solution by weight is less than about
50%, less than about 25%, less than about 10%, less than about 5%, less
than about 2%, from about 0.1% to about 5%, from about 0.5% to about 2% or
about 1%.              38. The method as set forth in any one of claims 35
to 37 wherein the aqueous HF solution consists essentially of water and HF.
39. The method as set forth in any one of claims 35 to 38 wherein the
surface of the silicon layer is contacted with the aqueous HF solution for
at least about 1 hour, at least about 4 hours, at least about 8 hours or
from about 8 hours to about 16 hours.              40. The method as set
forth in any one of claims 35 to 39 wherein the wafer is a
silicon-on-insulator structure comprising a handle wafer, a silicon layer,
and a dielectric layer between the handle wafer and the silicon layer. 



41. The method as set forth in claim 40 wherein the dielectric layer
comprises a compound selected from Si02, Si3N4, aluminum oxide, magnesium
oxide, and mixtures thereof              42. The method as set forth in
claim 40 wherein the dielectric layer consists essentially of Si02.
43. The method as set forth in any one of claims 40 to 42 wherein the
thickness of the silicon layer is less than about 250 nm, less than about
175 nm or less than about 100 nm.              44. The method as set forth
in any one of claims 36 to 40 wherein the wafer is a single crystal silicon
wafer.  WO 2011/077344PCT/1B2010/055925 26              45. The method as
set forth in any one of claims 36 to 40 wherein the wafer is an epitaxial
wafer.              46. A method for monitoring the amount of metal
contamination imparted into wafers during a semiconductor process, the
method comprising: 



exposing at least one silicon-on-insulator structure to the semiconductor
process, the silicon-on-insulator structure comprising a handle wafer, a
silicon layer, and a dielectric layer between the handle wafer and the
silicon layer; evaluating metal contamination indicators of the
silicon-on-insulator structures; and             verifying whether the
amount of metal contamination imparted into semiconductor wafers is
acceptable.              47. The method as set forth in claim 46 comprising
adjusting the semiconductor process to reduce that amount of metal
contamination induced into wafers during the semiconductor process when the
amount of metal contamination is determined to be unacceptable.
48. The method as set forth in claim 46 or claim 47 wherein the metal
contamination indicators are selected from metal precipitates; pits,
cavities and/or holes; and scattered light reflected from the surface of
the silicon-on-insulator structure.              49. The method as set
forth in any one of claims 46 to 48 wherein metal contamination is verified
by comparing the metal contamination indicators to metal contamination
indicators gathered when the level of contamination was determined to be
acceptable.        50. The method as set forth in any one of claims 46 to
49 comprising: thermally annealing the silicon-on-insulator structure to
cause metal contaminants in the silicon layer to dissolve; WO
2011/077344PCT/1B2010/055925 



27              cooling the silicon-on-insulator structure to form metal
precipitates in the silicon layer; and delineating the metal precipitates.
51. The method as set forth in claim 50 wherein the delineating step
creates pits, holes and/or cavities on the front surface of the
silicon-on-insulator structure.              52. The method as set forth in
claim 51 comprising directing light to the front surface of the
silicon-on-insulator structure and detecting scattered reflected light.
53. The method as set forth in claim 52 comprising producing a defect map
by use of the scattered reflected light.              54. The method as set
forth in claim 53 wherein metal contamination is verified by comparing the
defect map to a defect map produced when the level of contamination was
determined to be acceptable.              55. The method as set forth in
claim 54 wherein the defect maps are produced using substantially the same
process conditions.              56. The method as set forth in claim 55
wherein the process conditions include the thermal anneal temperatures and
times, cooling rates and delineation process. 



57. The method as set forth in any one of claims 46 to 56 wherein the
semiconductor process is selected from a group consisting of polishing,
cleaning, bond strength enhancing thermal treatment, epitaxy, oxide
stripping, plasma activation, wet chemical etching, gas phase chemical
etching, high temperature annealing, ion implantation and oxidation.
58. The method as set forth in claim 50 wherein the metal precipitates are
delineated by contacting the surface of the silicon layer with an etchant.
WO 2011/077344PCT/1B2010/055925 28             59. The method as set forth
in claim 58 wherein the etchant is a solution that comprises a compound
selected from the group consisting of HF, K2Cr207, Cr203, HNO3, CH3C00H,
Cr03, AgNO3 and mixtures thereof.             60. The method as set forth
in claim 59 wherein the solution is an aqueous HF solution, the
concentration of HF by weight being less than about 50%, less than about
25%, less than about 10%, less than about 5%, less than about 2%, from
about 0.1% to about 5%, from about 0.5% to about 2% or about 1%.
61. The method as set forth in claim 58 or claim 60 wherein the etchant
consists essentially of water and HF.             62. The method as set
forth in claim 58 wherein the etchant is HF gas. 



63. The method as set forth in any one of claims 58, 60 or 61 wherein the
etchant is a solution that comprises HF and the surface of the silicon
layer is contacted with the etchant for at least about 1 hour, at least
about 4 hours, at least about 8 hours or from about 8 hours to about 16
hours.             64. The method as set forth in claim 58 wherein the
etchant is a solution that comprises a compound selected from the group
consisting of K2Cr207, Cr203, HNO3, CH3COOH, Cr03, AgNO3 and mixtures
thereof and the surface of the silicon layer is contacted with the etchant
for at least about 1 second, at least about 5 seconds, at least about 10
seconds, at least about 20 seconds, from at least about 1 second to about 2
minutes, from about 1 second to about 1 minute or from about 10 seconds to
about 1 minute.             65. The method as set forth in any one of
claims 50 to 64 wherein the silicon-on-insulator structure is thermally
annealed at a temperature from about 600C to about 1300C, from about 800C
to about 1300C, from about 800C to about 1150C or from about 850C to about
1050C.             66. The method as set forth in any one of claims 65
wherein the siliconon-insulator structure is thermally annealed at the
stated temperature range for at least  WO 2011/077344PCT/1B2010/055925 29
about 1 second, at least about 5 seconds, at least about 30 seconds, at
least about 1 minute, at least about 5 minutes or at least about an hour.
67. The method as set forth in any one of claims 50 to 66 wherein the
surface of the silicon-on-insulator structure is contacted with a gas
selected from the group consisting of hydrogen, argon, nitrogen and
mixtures thereof during the anneal. 



68. The method as set forth in any one of claims 50 to 66 wherein the
surface of the silicon-on-insulator structure is contacted with hydrogen
during the anneal.             69. The method as set forth in any one of
claims 50 to 68 wherein the silicon-on-insulator structure is cooled to a
temperature at which the metal contaminants are supersaturated in the
silicon layer.             70. The method as set forth in any one of claims
50 to 69 wherein the silicon-on-insulator structure is cooled through the
range of temperatures through which metal contaminants are relatively
mobile in silicon.             71. The method as set forth in claim 70
wherein the cooling rate is less than about 7C/sec, less than about 5C/sec,
less than about 1C/sec, less than about 0.5C/sec, less than about 0.1C/sec,
from about 0.05C/sec to about 10C/sec, from about 0.5C/sec to about 7C/sec
or from about 1C/sec to about 5C/sec.             72. The method as set
forth in claim 70 or claim 71 wherein metal contaminants are relatively
mobile in silicon at temperatures above about 200C, above about 350C, above
about 500C or above about 600C.             73. The method as set forth in
any one of claims 50 to 69 wherein there exists a temperature, Tsat, at
which metal contaminants are supersaturated in the silicon layer and a
temperature, Timmobite, at which metal contaminants are no longer mobile in
silicon, the method comprising cooling the silicon-on-insulator structure
from about Tsat to about Timmobile over a length of time, toot, upon
completion of the thermal anneal, wherein (Tsai - Timniobile)/ tool is less
than about 7C/sec, less than about 5C/sec, less than about 1C/sec, less
than about 0.5C/sec, less than about 0.1C/sec, from about  WO
2011/077344PCT/1B2010/055925 30 



0.05C/sec to about 10C/sec, from about 0.5C/sec to about 7C/sec or from
about 1C/sec to about 5C/sec.              74. The method as set forth in
any one of claims 50 to 70 wherein the silicon-on-insulator structure is at
temperature, Tannea, upon completion of the thermal anneal and there exists
a temperature, Timmobile, at which metal contaminants are no longer mobile
in silicon, the method comprising cooling the silicon-on-insulator
structure from about Tannea to about Timmobile over a length of time,
tcool, upon completion of the thermal anneal, wherein (Tanneal -
Timmobile)/ tcool is less than about 7C/sec, less than about 5C/sec, less
than about 1C/sec, less than about 0.5C/sec, less than about 0.1C/sec, from
about 0.05C/sec to about 10C/sec, from about 0.5C/sec to about 7C/sec or
from about 1C/sec to about 5C/sec.              75. The method as set forth
in any one of claims 46 to 73 wherein the dielectric layer comprises a
compound selected from Si02, Si3N4, aluminum oxide, magnesium oxide, and
mixtures thereof              76. The method as set forth in any one of
claims 46 to 73 wherein the dielectric layer consists essentially of Si02.
77. The method as set forth in any one of claims 46 to 76 wherein the
thickness of the silicon layer is less than about 250 nm, less than about
175 nm or less than about 100 nm.              78. The method as set forth
in any one of claims 50 to 77 wherein the anneal is performed at about
atmospheric pressure.              79. The method as set forth in any one
of claims 47 to 78 wherein the silicon-on-insulator structure is subjected
to the semiconductor process.              80. The method as set forth in
any one of claims 47 to 78 wherein the silicon-on-insulator structure is
exposed to an atmosphere in which the semiconductor process occurs. 


