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Technical Field: This invention relates to methods,
apparatus, and treatment compositions for treating a
material with an ozone solvent solution. More
particularly, the present invention relates to the
corrosion-free treatment of a copper containing
materials such as encountered in the fabrication of
integrated circuits and other electronic devices and
electronic circuits for a number of purposes
including, but not limited to cleaning, removing light
organic films or contaminants, from those materials,
removing heavy organic films such as layers of
photo-resist (resist stripping), modifying the wetting
characteristics of materials, forming a protective
passivation layer on a material, and growing an oxide
on a material. The treatment can be for one or more
purposes including cleaning, material removal,
formation of protective film or protective layer or
protective barrier layer on metals such as copper and
aluminum, oxidation of a material for the formation of
an oxide layer or oxide film on a material such a
silicon, removal of an organic material such as
photoresist for applications such as FEOL resist
rework, FEOL post etch strip, FEOL post implant strip,
BEOL resist rework, and BEOL post etch strip, post CMP
clean. The treatment can be used for removal of thin
layers of organic contamination to promote film
adhesion in pre-deposition cleaning applications or
post CMP cleaning applications. 1.3 Description of
Related Art: 1.3.1 Related Ozone Based Processes for
Electronic Device Manufacturing: Nelson et. al. of FSI
international disclose a method of treating a
substrate with an ozone solvent solution for the
purpose of removing photoresist and other organic
material from a substrate (Nelson, et. al US5,97
1,272) (Carter, et. al 6,080,531), (Nelson, et. al
6,406,551Bl) None of these patents disclose a method
forming an ozone solvent solution for corrosion free
treatment of copper . In fact, the principal
constituent (NH3 OR NH4+) of their preferred chemistry
is one that is damaging to copper because of the
formation of soluble ammonia-copper complexes. Small
et. al (US2002/01 11026 Al) use ammonium salts such as
ammonium carbonate mixed with ozone water solutions
for use in copper removal in chemical mechanical
polishing of semiconductor wafers containing copper
and other metals. Semitool Corporation is a
manufacturer of an ozone based process and apparatus
that is sold under the tradename HydrozoneTM that is
marketed for photoresist removal from substrates for
semiconductor manufacturing applications. They have a
number of patents filed on their process including
(Bergman WO 10/071777A1). These patents do not
disclose a method of forming an ozone solvent solution
for corrosion free treatment of copper. Semitool's web
site specifically statesthat their ozon - t process is
ot'suitable for use with copper. None of these
references address the challenge of making an
ozone-water based treatment solution capable of
forming a protective passivation layer on treated
copper surfaces for corrosion free treatment of
electronic devices. 1.3.2 Corrosion Control with
Benztriazol and other Organic Corrosion Inhibitors:
The most commonly used method for copper corrosion
control in electronic device manufacturing
applications is to use an organic corrosion inhibitor
such as Benzotriazol (BTA). However, BTA is not ozone
compatible and has not been useful for preventing
copper corrosion in ozone-water based treatment
processes in electronic device manufacturing. 1.3.3
Copper Corrosion Control with Phosphates: The use of
phosphates for corrosion control is known in the art.
However, to our knowledge no one has demonstrated a
composition for corrosion free treatment of substrates
for electronic device manufacturing applications using
ozone-water based chemistries formulated for high
photoresist removal rates and low copper corrosion
rates. 



2 OBJECTS OF THE INVENTION 2.1 Primary Objects of the
Invention  provide minimal copper corrosion - stable
adherent protective passivating film formation on
copper and no copper corrosion (copper etch rate < 10
A7min)  provide for a protective layer on a copper
surface for protection of that copper surface from
damage or corrosion caused by exposure to other
liquid, gas, or plasma environments  provide high
photoresist removal rates, high organic residue
removal rates, high material oxidation rates, high
material treatment rates, or high material cleaning
rates (DUV resist etch rates of the order of 5,000
A/min)  provide buffering chemistry for pH control
use low cost chemicals  use environmentally benign
chemicals  use dilute chemistry  use chemicals already
available in semiconductor fabrication facility 2.2
Additional Objects of the Invention - Platform
Independent EXEMPLARY IMPLEMENTATIONS OF OZONE-BASED
PROCESSES IN WHICH: ozone is first d ss l'vedinVater
and then the ozone-water solution is applied to a
substrate  the ozone-water solution is heated prior to
being applied to a substrate  the ozone-water solution
is heated while being applied to a substrate  ozone
gas is introduced directly into the process chamber
and water and other chemicals such a hydroxyl radical
scavengers are applied to a substrate  ozone gas is
introduced near a substrate surface and other
chemicals are applied to the substrate  ozone gas is
introduced directly into the process chamber and water
and other chemicals such a hydroxyl radical scavengers
are applied to a substrate in vapor form (e.g.
humidified ozone gas processes) TYPICAL
IMPLEMENTATIONS INCLUDE:  single wafer or batch (wet
bench) immersion processes  single-wafer or batch spin
processing  applicable to single-pass-chemistry or
circulating chemistry process module designs 2.3
TECHNICAL BACKGROUND 2.3.1 HYDROXYL RADICAL SCAVENGERS
TO STABILIZE DISSOLVED OZONE CONCENTRATION Hydroxyl
radical scavengers such as carbonates, phosphates and
acetates are useful for stabilizing dissolved ozone
concentrations in solution for both homogeneous
reactions and heterogeneous reactions. However, the
ammonia salts such as ammonium carbonate, ammonium
bicarbonate, ammonium phosphate, and ammonium acetate
used in current processes and current wafer processing
treatment solutions are not suitable for use in copper
processing. These ammonia salts decrease or eliminate
the stability of passivating films that might form on
the copper surface and render copper available to
corrosive attack. Moreover, use of ammonia salts could
decrease the stability of dissolved ozone in aqueous
solutions. Ozone is known to react with ammonia and
ammonium ions generated by the dissolution of ammonia
salts in aqueous solutions, and this reaction could
promote ozone decomposition. 2.4 Ozone Generation:
Ozone generators of the type used for forming very
high concentration ozone gas typically use a feed gas
comprising oxygen mixed with nitrogen. First
generation ozone generators such as the MKS Astex AX
8100 or MKS Astex AX8200 require 0.2 to 0.5 percent
nitrogen by volume. Second generation ozone generators
typically require 50 ppm or more Nitrogen by volume.
AgeneratorOperating With a'Mxtur'ec ntaining oxygen
mixed with nitrogen form both NO2 gas and ozone gas.
The NO2 gas has a very high solubility in water. The
NO2 gas dissolved in water forms nitric acid. Nitric
acid attacks copper. One of the several elements of
the preparing a treatment solution, which will form of
a thin stable protective passivating film on treated
copper, is to exclude nitric acid from the ozone-water
solution. An alternative gas mixture meeting this
requirement is oxygen mixed with CO2 gas. First
generation ozone generators such as the Astex AX8100
and Astex AX8200 have excellent performance when
operated on a mixture of oxygen + 10% CO2 by volume.
Second generation ozone generators can reportedly
operate with satisfactory performance on a mixture of
oxygen plus 500 ppm to 20,000 ppm (2%) of CO2 by
volume. 3 BRIEF SUMMARY OF THE INVENTION In accordance
with preferred embodiments of the invention, an
improved method of manufacturing an interconnect or
circuit on a substrate is provided. The method is
useful for treating substrates comprised at least in
part of copper, a copper-containing material, or a
coppercontaining alloy. The method involves treating a
substrate with an ozone-solvent-based surface
treatment composition to form an inorganic passivating
layer on exposed copper or coppercontaining alloy
surfaces. In one embodiment the method of manufacture
may further include the step of forming an
ozone-solvent based treatment composition. In one
embodiment the step of forming the ozone-based
treatment composition may further include the step of
forming the ozone-solventbased treatment composition
at a relatively low first temperature where the
solubility of ozone gas in the solvent is relatively
high. In another embodiment the method of manufacture
may further include reacting the ozone-solvent-based
treatment composition with surface of the substrate at
a temperature higher than the temperature at which the
ozone-solvent-based solution was initially formed. In
another embodiment the method of manufacture may
further include the step of heating the ozone-based
treatment composition prior to the step of applying
the ozone-based treatment composition to the
substrate. In another embodiment the ozone-solvent
based solution is heated prior to being applied 



to the wafer or substrate. In another embodiment the
ozone-solvent based solution is heated while being
applied to the wafer or substrate. Also described is
an ozone-based treatment composition for use in the
method of manufacture that includes ozone gas
dissolved in a solvent, at least one acid, and with a
sufficient amount of a base or salt not containing any
species such as NH3 or NH4+ that formare added to
adjust the pH and corresponding Eh (the
oxidation-reduction potential) to a predetermined
value. The method may further include the step of
removing the passivating layer wherein immediately
before a subsequent process step the passivation layer
is removed from the exposed copper or
copper-containing alloy surfaces with a passivation
layer removal chemistry. Also described are methods of
forming the treatment composition. Also described are
methods and compositions for removal of the
passivating layer. Various embodiments are also
described that relate to the method of application of
the treatment composition. In one embodiment the
treatment composition may be applied by spin
processing. In another embodiment the treatment
composition may be applied by spraying. In still
another embodiment the treatment composition may be
applied by immersion or partial immersion of the wafer
or substrate in the treatment composition. In one
embodiment the treatment composition may be used in a
single pass configuration in which the treatment
solution is discarded after contacting the wafer or
substrate once. In another embodiment the treatment
composition may be used in a circulating configuration
in which the treatment solution is reused for treating
the same substrate or wafer for an extended duration
before being discarded or recycled. In another
embodiment the treatment composition may be used in a
circulating configuration in which the treatment
solution reused for treating more than one substrate
or wafer before being discarded or recycled. In one
embodiment the method of manufacture may be used for
forming a passivating layer on exposed copper or
copper-containing alloy surfaces. Applications include
any point in the manufacturing process in which it is
useful to protect exposed copper surfaces from
corrosion such as that which may arise during the
queuing time in which a wafer awaits the next process
step. In another embodiment, the method of manufacture
may also be used for removing photoresist or other
organic materials while forming a passivating layer on
exposed copper or copper-containing alloy surfaces. In
another embodiment the method of manufacture may also
be used for precisely removing a thin layer (less than
10 nm thick) of copper from an exposed copper or
copper-containing alloy surface In one preferred
embodiment the ozone gas may be dissolved in a
suitable-solvent such as water, with one or more
additional acids and bases or salts included to form
the treatment composition, provide a pH buffer and
provide an hydroxyl radical scavenger, all mixed to
form one solution prior to the application of the
treatment solution to the substrate or wafer. In
another embodiment, the ozone gas may be introduced
directly into the process chamber and water and other
chemicals such as hydroxyl radical scavengers are
applied to a substrate. In another embodiment, ozone
gas is introduced near a substrate surface and other
chemicals are applied tothe substrate" "i p'Mi tH'ef
errtb dirrifeht'Ozone gas is introduced directly into
the process chamber and the solvent (water is one
preferred solvent) and other chemicals such a hydroxyl
radical scavengers are applied to a substrate in vapor
form. Also described are methods of integration of the
process into the manufacturing sequence for forming a
copper interconnect on a wafer or substrate. Also
described are methods of integration of the process
into the existing tools used in the manufacture of an
interconnect such as wet cleaning tools, polymer
cleaning tools, copper plating tools, CMP tools, post
CMP cleaning tools. Also described are exemplary
apparatus and systems for use in manufacturing a
circuit or interconnect on a substrate. The invention
also includes interconnects and circuits made by the
inventive processes. \ 4 BRIEF DESCRIPTION OF THE
DRAWINGS 4.1 E-pH Diagram Drawings The inventors'
measured data is plotted on the diagrams shown in
shown (Figs. Ia, Ib, Ic, 2a, 2b, 3a, 3b, 4a, 4b, 5a,
5b, 6a, and 6b to show the range of pH values for
which Cu2O3 and other solid phases may form. The
measured data shows the oxidation reduction potential
(ORP) with respect to standard hydrogen electrode
(SHE) as a function of pH for ozone-gas dissolved in
water. The data is for treatment compositions with a
carbonate and/or phosphate based additive chemistry
titrated to the specified pH with TMAH, and with
dissolved ozone concentration ranging from 68 to 88
mg/L. Fig. Ia: The E-pH diagram calculated by the
inventors showing the predominant phases for the
Cu-H2O-10mM CO2 system with total dissolved copper
concentration (CuT) of 10-2 mM at T=25C; the E-pH
diagram previously published by Pourbaix is shown in
dotted line for comparison. We can see that the region
for stable Cu2O3 formation is larger than previously
predicted by Pourbaix. Figs. Ib and Ic: The E-pH
diagrams calculated by the inventors showing the
predominant phases for the Cu-H2O-5mM CO2 system with
total dissolved copper concentration (CuT) of 10-2 mM;
Fig. Ib is calculated at T=43C; Fig Ic is calculated
at 53C. (The inventors have shown that the Cu-H2O-5mM
CH3COOH-5mM CO2 system has virtually the same E-pH
diagrams). Figs. 2a and 2b: The E-pH diagrams
calculated by the inventors showing the predominant
phases for the Cu-H2O-16mM CO2 system with total
dissolved copper concentration (CuT) of 10-2 mM; Fig.
2a is calculated at T=43C; Fig 2b is calculated at
53C. Figs. 3a and 3b: The E-pH diagrams calculated by
the inventors showing the predominant phases for the
Cu-H2O-10mM H3PO4 system with total dissolved copper
concentration (CuT) of 10-2mM; Fig. 3 a is calculated
at T= ;'ig 3b is calculated at 53C. (The inventors
have shown that the Cu-H2O-10mM-H3PO4-5mM C02 system
has virtually the same E-pH diagrams) Figs 4a and 4b:
The E-pH diagrams calculated by the inventors showing
the predominant phases for the Cu-H2O-5mM CH3COOH
system with total dissolved copper concentration (CuT)
of 



10-2 mM; Fig. 4a is calculated at T=43C; Fig 4b is
calculated at 53C. (The inventors have shown that the
Cu-H2O system has virtually the same E-pH diagrams)
Fig 5a and 5b: The E-pH diagrams calculated by the
inventors showing the predominant phases for the
Cu-H2O-10mM CH3COOH system with total dissolved copper
concentration (CuT) of 10-2 mM; Fig. 5a is calculated
at T=43C; Fig 5b is calculated at 53C. Figs. 6a and
6b: The E-pH diagram calculated by the inventors
showing the predominant phases for the Cu-H2O-5mM
H3PO4 system with total dissolved copper concentration
(CuT) of 10-2 mM; Fig. 6a is calculated at T=43C; Fig
6b is calculated at 53C. (The inventors have shown
that Cu-H2O-5mM-CH3COOH-5mM H3PO4 system has virtually
the same E-pH diagram) 4.2 Apparatus Drawings The
various features of the present invention and some
example preferred embodiments for methods and
apparatus may be better understood by referring to the
following discussion and the accompanying drawings
shown in Figure 7a, 7b, 8a, and 8b shown in this
application in which like reference numerals refer to
like elements in the several figures. This invention
including, but not limited to, the treatment
compositions and methods for the formation of the
treatment compositions, and methods of use of the
treatment compositions, can also be practiced using
any of the configurations shown in Figs. 1-19 of prior
application 09/693,012, "A Method and Apparatus for
Treating a Substrate with an Ozone-Solvent Solution",
inventors Boyers and Cremer, incorporated herein by
reference. This invention including, but not limited
to, the treatment compositions and methods for the
formation of the treatment compositions, and methods
of use of the treatment compositions can also be
practiced using any of the configurations shown in any
of the above listed patent applications previously
filed by the applicant and incorporated herein by
reference. Any of the treatment compositions of this
invention may be used with any of the methods and
apparatus of this invention. Figs. 7a, 7b, 8a, and 8b
illustrate functional block diagrams of a method of
processing materials in which additional gaseous
chemicals such as CO2 gas and additional liquid
chemicals such as TMAH and H3PO4 and CH3COOH may be
injected into the ozone-water solution upstream of the
point-of-use.EiEfAiLET E c PTi W'oF Y  INVENTION 5
OZONE-SOLVENT- BASED TREATMENT COMPOSITIONS 5.1
SURFACE TREATMENT COMPOSITIONS-OVERVIEW The inventive
ozone-water based treatment solution can be used to
treat surfaces to form a protective passivation layer
on a metal, for photoresist removal, organic residue
removal, cleaning, surface treatment while not etching
or damaging metal films containing copper, or
aluminum. In the preferred mode, this is accomplished
by formulating a treatment solution with the following
elements:  does contain a hydroxyl radical scavenger
for stabilization of the dissolved ozone concentration
in solution  does not contain species which react with
dissolved ozone at high rates and accelerate ozone
decomposition  does not contain species which etch or
attack copper or aluminum  does not contain strong
complexing agents, which can increase the copper
solubility and interfere with formation of passivating
copper oxide films  may contain one or more species
which can form passivating protective films other than
native copper oxides  does not contain species that
attack or etch the passivating film  does contain a pH
adjustment and buffering chemistry for setting the pH
of the treatment solution to a pH value appropriate
for the formation of a passivating film, while
providing improved pH control, improved process
stability, and a wider process window  does not
contain metal hydroxide bases for pH adjustments,
which are not acceptable in standard silicon based
semiconductor processing 5.1.1 CO2 Based Copper
Passivation Chemistry: The inventors have shown that
CO2 gas dissolved in water with a suitable base added
for pH control can form the basis for copper
passivation chemistry for electronic device
manufacturing. CO2 is readily available in the
semiconductor fab. An alternative chemistry may employ
a carbonate salt as a source of carbonate ions. The
passivation chemistry may contain a suitable base such
as TMAH for setting the pH to a predetermined value.
The chemistry forms a protective layer on exposed
copper surfaces. The E-pH diagram for Cu-CO2-H2O
system at 25 C was calculated and published by
Pourbaix in 1973. Using the most recent thermodynamic
data, the inventors re-calculated E-pH diagrams for
Cu-CO2-H2O system at 25 C, and other specified
temperatures. According to the E-pH diagrams
calculated by inventors (see Figs. la-6b), thestable
solid phase's that cotild"fd'rrftOri exposed copper
surfaces in the pH range of approximately 6 to 8.5 are
believed to be tenorite (CuO), malachite CuCO3Cu(OH)2
and copper sesquioxide (Cu2O3) in CO2 based copper
passivation chemistries. The E-pH diagrams calculated
by the investors indicate that copper sesquioxide
formation should indeed be expected at lower
potentials than those calculated by Pourbaix. The
formation of passivating film with Cu2O3 was,
therefore, not obvious in view of the prior published
work. While formation of tenorite and malachite layers
can protect copper from corrosive attack, a
passivating layer formed with copper sesquioxide is
believed to be more protective. Triplex passivating
layers such as Cu2O/CuO/Cu2O3 or Cu2O/Malachite/Cu2O3
are believed to be more protective than duplex
passivating layers such as Cu2O/CuO or Cu2O/Malachite.
When CO2 gas is dissolved in water the dissolved CO2
concentration in mg/liter or millimoles per liter is a
function of the partial pressure of the CO2 gas and
the temperature of the water. Data on the solubility
of CO2 in water as a function of CO2 partial pressure
in bar and water temperature in degree C for a range
of values is presented in the Table 1 below. We can
see that increasing the partial pressure increases the
dissolved concentration and that decreasing the water
temperature increases the dissolved concentration. 



Table 1: Solubility of carbon dioxide (CO2) gas in
water as a function of CO2 partial pressure in bar and
water temperature in degree C: The dissolved CO2
concentration is given in both mg/liter and
millimoles/liter. CO2 MW=44 grams/mole 5.1.2 H3PO4
Based Copper Passivation Chemistry: The inventors have
shown that phosphoric acid (H3PO4), with a pKa of 7.2
for the dissociation of H2PO4-1 to HPO4-2, can form
the basis for a copper passivation chemistry for
electronic device manufacturing. An alternative
chemistry may employ a salt of phosphoric acid as
source of phosphate ions. The H3PO4 based approach is
a preferred approach since this chemistry is readily
available in the semiconductor fab. The passivation
chemistry mayadditionally contain CO2 ad"a Suitable
base such as TMAH for setting the pH to a
predetermined value. The chemistry forms a protective
layer on exposed copper surfaces. In the embodiment
which employs both phosphoric acid and CO2, the stable
solid phases that could form on exposed copper
surfaces are believed to be tenorite, malachite,
copper (II) phosphate and copper sesquioxide. In
embodiments which employ much more H3PO4 than CO2 (10
mM/L H3PO4 and 0.5 mM/L CO2, for example), the stable
solid phases that could form on exposed copper
surfaces are believed to be tenorite, copper (II)
phosphate and copper sesquioxide. In embodiments which
employ much less H3PO4 than CO2 (0.5 mM/L H3PO4 and 5
mM/L CO2, for example), the stable solid phases that
could form on exposed copper surfaces are believed to
be tenorite, malachite and copper sesquioxide. While
formation of tenorite, malachite and copper (II)
phosphate layers can protect copper from corrosive
attack, a passivating layer formed with copper
sesquioxide is believed to be more protective. The
inventors constructed the E-pH diagrams for the first
time showing the stability regions of different copper
species for the H3PO4 based copper passivation
chemistries (See the Fig. Ia- 6b). H3PO4 based
chemistry has at least two advantages over CO2 based
chemistry. First, the concentration of H3PO4 in
solution is not dependent upon the solubility of a gas
in solution as in the case of CO2 and therefore
concentration is more readily maintained. Second,
H3PO4 has a pKa of a about 7.3 and thereby provides
good buffering up to a pH of about pKa+l~8.3. This
passivation chemistry may also be used with aluminum
conductors. In embodiments which employ H3PO4, the
stable solid phase formed on exposed aluminum surfaces
is believed to be A12O3 or an aluminum phosphate. This
chemistry also provides a good source of HO radical
scavenger species and enhanced etch rates for organic
materials such as photoresist and enhanced treatment
rates for other applications. 5.1 .3 CH3COOH Based
Copper Passivation Chemistry: The inventors have shown
that acetic acid (CH3COOH) with a pKa of 4.75 can the
basis for a copper passivation chemistry for
electronic device manufacturing. An alternative
chemistry may employ a salt of acetic acid as source
of acetate ions. The acetic acid based approach is
preferred since this chemistry is readily available in
the semiconductor fab. The passivation chemistry may
additionally contain CO2 and/or H3PO4 and a suitable
base such as TMAH for setting the pH to a
predetermined value. The chemistry forms a protective
layer on exposed copper surfaces. In the embodiment
which employs both acetic acid an/or an acetate salt
and CO2, the stable solid phases that could form on
exposed copper surfaces are believed to be tenorite
and copper sesquioxide. In embodiments which employ
much more acetate than CO2 (10 mM/L CH3COOH and 0.5
mM/L CO2 for example), the stable solid phase formed
onexposed copper surfaces are 'el eved'ito be tenorite
and copper sesquioxide. In embodiments which employ
much less acetate than CO2 (0.5 mM/L CH3COOH and 5
mM/L CO2 for example), the stable solid phase formed
on exposed copper surfaces are believed to be
tenorite, malachite and Cu2O3. While formation of
tenorite and malachite layers can protect copper from
corrosive attack, a passivating layer formed with
copper sesquioxide (Cu2O3) is believed to be more
protective. The inventors constructed the E-pH
diagrams for the first time showing the stability
regions of different copper species for the CH3COOH
based copper passivation chemistries (See the Fig.
la-6b). This chemistry also provides a good source of
HO radical scavenger species and enhanced etch rates
for organic materials such as photoresist and enhanced
treatment rates for other applications. 5.1.4 Weak
Carboxylic Acid Based Copper Passivation Chemistry:
Other weak carboxylic acids such as formic(methanoic)
acid, propanoic (propionic) acid, butanoic (butyric)
acid, pentanoic(valeric) acid, hexanoic(caproic) acid,
heptanoic (enanthic) acid, actanoic(caprylic) acid,
nonanoic(pelargonic) acid and decanoic(capric) acid,
and salts of these carboxylic acids, could also be
used to form the basis for the passivation chemistry
outlined here. The passivation chemistry may
additionally contain CO2 and/or H3PO4 and a suitable
base such as TMAH for setting the pH to a
predetermined value. The inventors have shown that
these other weak carboxylic acid based compositions
have E-pH diagrams very similar to those calculated by
the inventors for those chemistries containing the
weak carboxylic acid CH3COOH (acetic acid). According
to the E-pH diagrams calculated by the inventors (see
Fig la-6b), there is no stable solid phase containing
only copper and acetate in the case of acetic acid.
This is also true in the case of other weak carboxylic
acids. The E-pH diagrams calculated here indicate that
it is still possible to use weak carboxylic acids to
form the basis for the passivation chemistry, as these
do not substantially decrease the stability of other
copper solid phases such as tenorite, malachite,
Cu3(PO4)2 or copper sesquioxide that might be forming
on the copper surface. The major selection criteria
for the weak carboxylic acids are established as:  not
increase the solubility of protective copper solid
phases  be a good hydroxyl radical scavenger5.1.5
Damage Free Cleaning and' Surface Treatment of SiCOH
low k materials: The inventors have also demonstrated
that the compositions of this invention also provide
for low damage processing of leading CVD SiCOH low k
materials such as Black Diamond(tm), Coral(tm), and
Aurora(tm). 5.2 SURFACE TREATMENT COMPOSITIONS -
COMPARATIVE EXAMPLES Performance data measured by the
inventors is presented in Table 2 below. The goal is
to achieve a copper etch rate (copper corrosion rate)
of 10 A/min or less and a DUV photoresist 



etch rate of 5000 A/min or more as that demonstrated
in example 5 in Table 2 below, example 6 in Table 2
below, and example 7 in Table 2 below.Table 2:
Summary' of CoflnbaMiVbE xamples 1- 7:Notes Relating
to Examples: Ex. # 1 (Example T):"(O3'-lt>2'+H2O+CO2+
HNO3+NH4HCO3, pH:6.7) - high copper etch rate;  Ex. #2
(Example 2): (O3+O2+H2O+CO2+HNO3+NH4HCO3, pH:7.5) -
high copper etch rate;  Ex. #3 (Example 3):
(O3+O2+H2O+CO2+HNO3 +TMAH pH:7.8) - high copper etch
rate;  Ex. #4 (Example 4): 0.1 bar CO2 partial
pressure + TMAH (A3 : O3+O2+H2O+CO2+TMAH, pH 8.32);
Ex. #5 (Example 5): 0.3 bar CO2 partial pressure +
TMAH (A4: O3+O2+H2O+CO2+TMAH, pH 8.35);  Ex. #6
(Example 6): 0.1 bar CO2 partial pressure + H3PO4+
TMAH (A5 : O3+O2+H2O+CO2+H3PO4 TMAH, pH 7.67);  Ex. #7
(Example 7): 0.1 bar CO2 partial pressure + H3PO4+
TMAH (A5 : O3+O2+H2O+CO2+H3PO4 TMAH, pH 7.65) Other
Notes note 1: oxidation reduction potential with
respect to the Ag/AgCl reference electrode note 2:
oxidation reduction potential with respect to the
standard hydrogen electrode 5.3 SURFACE TREATMENT
COMPOSITIONS-CALCULATED E-pH DIAGRAMS: The inventors'
measured data is plotted on the diagrams shown in
Figs. la-6b to show the range of pH values for which
Cu2O3 and other solid phases may form. The measured
data shows the oxidation reduction potential (ORP)
with respect to standard hydrogen electrode (SHE) as a
function of pH for ozone-gas dissolved in water. The
data is for treatment compositions with a carbonate
and/or phosphate based additive chemistry titrated to
the specified pH with TMAH, and with dissolved ozone
concentration ranging from 68 to 88 mg/L. Inventors
have used the most recent thermodynamical data
available in the literature in calculation of the E-pH
diagrams presented in Figs. la-6b. The newer
thermodynamical data predict copper sesquioxide
(Cu2O3) formation at lower potentials than indicated
by Pourbaix earlier. (See Fig. Ia) Therefore, the new
E-pH diagrams presented here show the possibility of
Cu2O3 formation on the copper surface in aqueous
passivation chemistries containing dissolved ozone for
the first time. Under the conditions where Cu2O3 is
stable, copper is expected to form a triplex
passivating layer structure: inner copper(I) oxide
layer such as Cu2O and middle Cu(II) solid layer, such
as tenorite, malachite and Cu3(PO4)2 and outermost
Cu2O3 layer. It is believed that this triplex
passivating layer structure is highly
protective.Copper sesqidxide Is nof 'a very stable
solid phase and could be only formed at relatively
high positive potentials of the oxygen evolution
regime over the water stability region. It can
decompose to CuO and 0 2 according to the following
reversible chemical reaction: Cu2O3 (r) 2CuO + 0.5 02.
The oxidation reduction potentials of the treatment
solutions developed by the inventors are high enough
to form triplex passivating layer structure with Cu2O3
on the copper surface for the specified pH ranges. In
addition, the presence of high amounts of dissolved O2
in the treatment solutions is believed to slow down
the Cu2O3 decomposition by promoting reverse reaction
above. The ORP-pH regression line displayed on the
Eh-pH diagrams was calculated using the experimentally
measured ORP data at 42 and 53 C in the pH range
between pH's approximately 4 to 8.5. The equation of
this regression line was determined as: E (in
millivolts) = 1717-7OpH The slope of the regression
line (-70 mV/pH unit) is very close to the slopes that
might be expected in the half-cell electrochemical
reactions for 03/02 or O3/H2O couples at temperatures
42 and 53 C. The slopes for the listed couples are
-62.5 and -64.7 at 42 and 53 C, respectively. The
intercept of the regression line on the potential axis
at pH=0 is 1717 mV, which falls in between the
standard half-cell potentials for O3/O2 (2076 mV) and
O3/H2O (151 1 mV). In reference to Fig. 1a, we present
the E-pH diagram calculated by the inventors showing
the predominant phases for the Cu-H2O-10mM C02 system
with total dissolved copper concentration (CuT) of
10-2 mM at T=25C; the E-pH diagram previously
published by Pourbaix is shown in dotted line for
comparison. We can see that the region for stable
Cu2O3 formation is larger that previously predicted by
Pourbaix. In reference to Fig. Ib and Fig. Ic we
present the E-pH diagrams calculated by the inventors
showing the predominant phases for the Cu-H2O-5mM CO2
system with CuT= 10-2 mM; Fig Ib is calculated at
T=43C; Fig. Ic is calculated at T=53C; the inventors
have shown that the Cu-H2O-5mM CH3COOH-5mM CO2 system
at T=43C has virtually the same E-pH diagram; these
diagrams differ from that calculated by Pourbaix in
the published reference. In reference to Figs. 2a and
2b we present the E-pH diagrams calculated by the
inventors showing the predominant phases for the
Cu-H2O-16mM CO2 system with CuT= 10-2 mM; Fig. 2a is
calculated at T=43C; Fig 2b is calculated at T=53C;
these diagrams differs from that calculated by
Pourbaix in the published reference. In reference to
Figs. 3a and 3b we present the E-pH diagrams
calculated by the inventors showing the predominant
phases for the Cu-H2O-10mM H3PO4-5mM CO2 system
withT=43C; Fig. 3b is calculated at T=53C; the
inventors have shown that the Cu-H2O-10mM H3PO4 system
has virtually the same E-pH diagrams. In reference to
Figs. 4a and 4b we present the E-pH diagrams
calculated by the inventors showing the predominant
phases for the Cu-H2O-5mM CH3COOH system with CuT=
10-2 mM; Fig. 4a is calculated at T=43C; Fig 4b is
calculated at T=53C; the inventors have shown that the
Cu-H2O system has virtually the same E-pH diagrams. In
reference to Figs. 5a and 5b we present the E-pH
diagrams calculated by the inventors showing the
predominant phases for the Cu-H2O-10mM CH3COOH system
with CuT= 10-2 mM; Fig. 5a is calculated at T=43C;
Fig. 5b is calculated at T=53C. In reference to Fig 6a
and Fig. 6b we present the E-pH diagrams calculated by
the 



inventors showing the predominant phases for the
Cu-H2O-5mM CH3COOH-5mM H3PO4 system with CuT=I 0-2 mM;
Fig 6a is calculated at T=43C; Fig 6b is calculated at
T=53C; the inventors have shown that Cu-H2O-5mM H3PO4
system has virtually the same E-pH diagrams. A summary
of some example compositions and the corresponding
applicable E-pH diagram is summarized in Table 3.
Table 3: Summary of example compositions and
applicable E-pH diagram.Ir In Table 4 we have
summarized the pH range of stability for solid species
such as Malachite, Tenorite (CuO), and Cu3(PO4)2
forming below the stability region of copper
sesquioxide (Cu2O3) for different process conditions
calculated by the inventors.fable 4': the p species
forming below the stability region of copper
sesquioxide (Cu2O3) for different process
conditions.CO2 Containing Compositions: In one
preferred embodiment the pH is set to approximately
one unit above the pKa for H2CO3. This is within a
region of good pH buffering and wide process window,
within the predicted region for protective film
formation, and within the region for high [HCO3-1]
concentration for good HO radical scavenging, (note:
pKal for H2CO3-6.3 at 20 degree C) H3PO4 Containing
Compositions : In another preferred embodiment the pH
is set to approximately one unit above the pKa for the
dissociation of H2PO4-1 to HPO4-2. This is within a
region of good pH buffering and wide process window,
within the predicted region for protective film
formation, and within the region for high [H2PO4-2]
concentration for good HO radical scavenging (note:
pKa for the dissociation of H2PO4-1 to HPO4-2 is -7.2
at 20 degrees) CO2 Containing Compositions : In
compositions containing CO2, it is possible to protect
copper from active corrosion by forming protective
layers tenorite [CuO], malachite [CuCO3Cu(OH)2] and
copper sesquioxide [Cu2O3] on the copper surface.
While tenorite and malachite can be formed at
relatively lower Eh (potential with respect to
standard hydrogen electrode) values, formation of
copper sesquioxide requires relatively higher Eh
values according to the E-pH diagram for the
Cu-CO2-H2O system. Protective layers with tenorite and
malachite are believed to have a duplex structure;
inner copper(I) oxide layer and outer tenorite or
malachite layer. At relatively higher Eh values where
copper sesquioxide is possible to form, the protective
layers are believed to have a triplex structure: inner
copper(I) oxide layer and middle tenorite or malachite
layer and outermost copper sesquioxide. The triplex
layer structure with copper sesquioxide is believed to
be more protective than the duplex layer structure
with tenorite and malachite. The operation at a pH
value of 6.3 to 7.3 can offer good buffering against
pH changes since this is no more than 1 pH unit above
the pKa of carbonic acid. This can provide better
process control and a wider process window. This same
operating point of 1 pH unit above the pKa insures
that the concentration of the hydroxyl radical
scavenger HCO3-1 is 10 times thecnc'ehtrafion OfH2C
3. "Thfe -ih areis a higher concentration of hydroxyl
radical scavenger for a given CO2 concentration for
stabilization of the dissolved ozone concentration and
a corresponding higher rate of removal of organic
materials such as photoresist. Accordingly, a pH of
the order of 7.3, can provide for low copper etch rate
(low copper corrosion) and a high photoresist etch
rate (high resist strip rate). See Table 5 and the
referenced E-pH diagrams. H3PO4 Containing
Compositions : In compositions containing H3PO4 (10
mM/L for example) and a level of dissolved CO2 (<
lmM/L for example), the optimum pH value for formation
of a passivating Cu2O3 protective layer on copper and
for low copper corrosion, is believed to be in the
range 7 to 8.3. This is believed to be in the region
of the E-pH diagram for the Cu-H3PO4- H2O system for
formation of Cu2O3. The inventors are not aware of
published E-pH diagrams for Cu-H3PO4-H2O system or
Cu-CO2-H3PO4-H2O system but these E-pH diagrams have
been computed by the inventors. In compositions
containing H3PO4 (10 mM/L for example) and a low level
of CO2 (< lmM/L for example), operation at a pH of 7.2
to 8.2 can provide for good buffering against pH
changes, better process control, and a wider process
window. Operation at a pH above the pKa of 7.2 insures
a higher concentration of the hydroxyl radical
scavenger HPO4-2 for a given H3PO4 concentration for
stabilization of the dissolved ozone concentration and
a corresponding higher rate of removal of organic
materials such as photoresist. Accordingly, a pH of
the order of 7.8 to 8.3 can provide for low copper
etch rate (low copper corrosion) and a high
photoresist etch rate (high resist strip rate). See
Table 5 and the referenced E-pH diagrams. CH3COOH
Containing Compositions : In compositions containing
CH3COOH (10 mM/L for example), and a weak acid such a
CO2 or H3PO4 for pH buffering, operation at a pH
within one pH unit of the pKa for H2CO3 of 6.3 or the
pKa for the dissociation of H2PO4-1 to HPO4-2 of 7.2
can provide for good buffering against pH changes,
better process control, and a wider process window.
Operation at a pH above the pKa of 4.75 insures a
higher concentration of the hydroxyl radical scavenger
CH3COO-1 for a given CH3COOH concentration for
stabilization of the dissolved ozone concentration and
a corresponding higher rate of removal of organic
materials such as photoresist. Accordingly, a pH
between 6.3 and 8.3 can provide for low copper etch
rate (low copper corrosion) and a high photoresist
etch rate (high resist strip rate). See Table 5 and
the referenced E-pH diagrams. pH range for Cu2O3
protective layer formation : The pH can be in the
range of 6 to 8.5, and the optimum pH value for the
formation of a passivating protective layer on copper
and for lowcopper corroSiotf  s1believed""to''be'
;n'''the region of for stable Cu2O3 formation. The
TMAH concentration is adjusted to achieve the target
pH value. With a potential of approximately 130OmV to
1000 mV (with respect to SHE), a dissolved CO2
concentration of approximately 5 millimoles/liter, and
a dissolved copper concentration of 1.0 E-2
millimoles/liter, the pH range for stable Cu2O3
formation is from a pH of approximately 6.0 to a pH of
approximately 8.5. With a potential of approximately
130OmV to 1000 mV (with respect to SHE), a dissolved
CO2 concentration of approximately 16
millimoles/liter, and a dissolved copper concentration
of 1.0 E-2 millimoles/liter, the pH range for stable
Cu2O3 formation is from a pH of approximately 6.0 to a
pH of approximately 8.5. See Table 5 and the
referenced E-pH diagrams for a complete summary of the
results. Nominal Concentrations : In compositions
containing (03, H2O, CO2 and TMAH), (03, H2O, 



CO2, H3PO4, and TMAH), (03, H2O, H3PO4 and TMAH), (03,
H2O, CH3COOH, and TMAH), (O3, H2O, CO2, CH3COOH, and
TMAH), (03, H2O, CH3COOH, H3PO4, and TMAH) or (O3,
H2O, CO2, CH3COOH, H3PO4, and TMAH)) the dissolved CO2
concentration can be in the range of approximately 1
to 20 millimoles/liter, the H3PO4 and CH3COOH or other
weak carboxylic acid concentration can be in the range
of approximately 1 to 20 millimoles/liter, and the
dissolved ozone concentration can be in the range of 1
to 200 mg/L. The dissolved ozone concentration is more
preferably in the range of 25 to 200 mg/L dissolved
ozone concentration so as to maintain high values for
the ORP of the solution with respect to the standard
hydrogen electrode that place the operating point in
the region for Copper Sesquioxide (Cu2O3) formation on
the relevant E-pH diagram. See Table 5 and the
referenced E-pH diagrams. In Table 5 we present a
summary of results on the calculated pH range for
Cu2O3 protective film formation. This was determined
from the intersection of the experimentally
established ORP-pH regression line for ozone dissolved
in water with E-pH diagram for selected
Cu-H2O-additive systems. The optimal operating pH is
chosen for maximum overpotential, good pH buffering,
good HO radical scavenger species formation for high
resist etch rate and protective film formation and low
copper etch rate. Table 5: Calculated pH range for
Cu2O3 protective film formation - Determined from the
intersection of the experimentally established ORP-pH
regression line for ozone dissolved in water with E-pH
diagram for selected Cu-H2O-additive systems; optimal
operating pH chosen for maximum overpotential, good pH
buffering, good HO radical scavenger species
formation, high resist etch rate, and low copper etch
rate.MEDIUM AND CULTURE OF EMBRYONIC STEM CELLS
CROSS-REFERENCE TO RELATED APPLICATIONS [0001] This
application claims priority from U.S. provisional
patent application Ser. No. 60/608,040 filed September
8, 2004. STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT [0002] This invention was made
with United States government support awarded by the
following agencies: NIH RRl 7721. The United States
has certain rights in this invention. BACKGROUND OF
THE INVENTION [0003] Stem cells are defined as cells
that are capable of differentiation into many other
differentiated cell types. Embryonic stem cells are
stem cells from embryos which are capable of
differentiation into most, if not all, of the
differentiated cell types of a mature body. Stem cells
are referred to as pluripotent, which describes this
capability of differentiating into many cell types. A
category of pluripotent stem cell of high interest to
the research community is the human embryonic stem
cell, abbreviated here as human ES cell, which is an
embryonic stem cell derived from a human embryonic
source. Human embryonic stem cells are of great
scientific interest because they are capable of
indefinite proliferation in culture and are thus
capable, at least in principle, of supplying cells and
tissues for replacement of failing or defective human
tissue. The existence in culture of human embryonic
stem cells offers the potential of unlimited amounts
of human cells and tissues for use in a variety of
therapeutic protocols to assist in human health. It is
envisioned in the future human embryonic stem cells
will be proliferated and directed to differentiate
into specific lineages so as to develop differentiated
cells or tissues which can be transplanted into human
bodies for therapeutic purposes. Human embryonic stem
cells and the differentiated cells that may be derived
from them are also powerful scientific tools for the
study of human cellular and developmental systems.
[0004] The basic techniques to create and culture
human embryonic stem cells have been described. The
previously reported techniques do work, but there are
limitations and drawbacks to many of the procedures
currently used to culture human embryonic stem cells.
One limitation is of particular concern. Most existing
human embryonic stem cell lines have been, to one
degree or another, exposed directly to mouse cells or
to a medium in which mouse cells have been cultured
previously. The fact that some ES cells from existing
cell lines were found to exhibit the sialic residue
Neu5Gc, which is not normally made by human cells,
received much attentionin the press. The original
techniques for the generation and culture of human
embryonic stem cells required the use of mouse
embryonic fibroblast (MEF) feeder cells as a feeder
layer on which human embryonic stem cells could be
cultured. The fibroblast feeder cells acts, through
some as yet incompletely understood mechanism, to
encourage the stem cells to remain in an
undifferentiated state. Later, it was discovered that
the same phenomenon could be achieved if the stem
cells were exposed to "conditioned media." Conditioned
medium is a stem cell culture medium with which feeder
cells, such as MEFs, had been previously been
cultured. Either the feeder cells imparted some factor
to the medium or removed some factor from the medium,
but the result is that conditioned medium can be used
to culture stem cells without differentiation. Either
culture condition, the direct growth of human ES on
murine feeder cells, or the use of conditioned media,
raises the concern that one or more agents such as a
virus could transmit from the mouse cells to the human
ES cells. If one of the objectives of human embryonic
stem cell cultures is to create tissues which can
ultimately be transplanted into a human body, it is
highly desirable that the stem cells never have been
exposed to cells of another species or to media which
have been used to culture cells of another species.
Accordingly, defining a culture condition, which will
permit the proliferation and culture of human
embryonic stem cells without a fibroblast feeder
layer, is of great interest in the continued
development of techniques for the long term culture of
human embryonic stem cells. [0005] A characteristic
trait of human embryonic stem cells in culture is that
if conditions are less than ideal, the cells have a
tendency to differentiate. It is easy to induce human
ES cells to differentiate while it is demanding to
maintain the human ES cells in undifferentiated state
in culture. Most culture conditions will results in
some level of unwanted differentiation, particularly
around the periphery of the growing ES cell colony.
While ES cells can be cultured with some degree of
unwanted differentiation, the objective is to define a
culture condition that 



permits the culture to remain as undifferentiated as
possible, i.e. with as few differentiated cells as
possible. We believe that we have used particularly
stringent standards to define conditions that will
support the indefinite culture of undifferentiated ES
cell cultures. [0006] Several medium formulations will
permit human ES cells to remain undifferentiated for
some time, but that state often fails to maintain
itself. In particular, we define the growth of human
ES cells from an initial seed culture in a culture
vessel to confluence in the same culture vessel as a
"passage." We have found several medium formulations
that permit the cultivation of human ES cells for one
or two passages without severe differentiation, but
then the cells differentiate rapidly upon subsequent
passages. We have come to believe that in order for a
medium to truly support the indefinite proliferation
of human ES cells withoutdifferentiation, without
conditioned medium or fibroblast feeder cells, the
medium must be demonstrated to support culture of
human ES cells in a substantially uniform and
undifferentiated state for at least five passages. It
is also important that the cultures remain relatively
homogenous and undifferentiated throughout the culture
period and retain all of the important characteristics
of human ES cells. [0007] The state of differentiation
of a stem cell culture can be assessed most easily by
judging the morphological characteristics of the
cells. Undifferentiated stem cells have a
characteristic morphology, i.e. small and compact
cells with clearly defined cell borders, a morphology
which can be easily seen by examination of a stem cell
culture under a microscope. By contrast, cells which
have differentiated appear larger and more diffuse,
with indistinct borders. While some differentiated
cells can, and normally do, appear at the margin of
colonies of undifferentiated cells, the optimal stem
cell culture is one that proliferates in the culture
vessel with only minimal numbers of cells at the
periphery of the culture appearing to be
differentiated. With experience, one can judge the
status of differentiation and health of human ES cell
cultures visually with good accuracy. A biochemical
marker that is used to track the status of ES cells as
undifferentiated is the presence of the transcription
factor Oct4, which has come to be regarded as the most
reliable marker of undifferentiated status of ES
cells, and which is one of the first markers lost as
undifferentiated cells begin to differentiate. BRIEF
SUMMARY OF THE INVENTION [0008] The present invention
is summarized as a method for culturing human
embryonic stem cells without the need for feeder cells
or conditioned medium, the method including the step
of culturing the human embryonic stem cells in a
medium including salts, vitamins, amino acids,
glucose, a fibroblast growth factor, gamma amino
butyric acid, pipecholic acid, lithium and
transforming growth factor beta, all in sufficient
amount to maintain the stem cells in an
undifferentiated state through multiple culture
passages. [0009] The present invention is also
directed to an in vitro cell culture of human
embryonic stem cells cultured in a medium including
high levels of a fibroblast growth factor, gamma amino
butyric acid, pipecholic acid, lithium and
transforming growth factor beta so that the stem cells
can be cultured indefinitely in an undifferentiated
state without the need for fibroblast feeder cells or
conditioned medium. [00010] It is an object of the
present invention to define long term culture
conditions for human embryonic stem cells that avoid
the use of or exposure to animal cells and animal
proteins, whether from feeder cells or for
conditioning medium in which stem cells are
cultured.[00011] It is another object of the present
invention to define culture conditions for human
embryonic stem cells that are as defined as possible
while maintaining the maximum proportion of cell in
the culture as possible in an undifferentiated state.
[00012] Other objects, features and advantages of the
present invention will become apparent from the
following specification. BRIEF DESCRIPTION OF THE
SEVERAL VIEWS OF THE DRAWINGS [00013] Fig. 1 presents
data from experimental work described in the
specification below showing that the components of the
medium reduce the proportion of differentiated cells
in the culture of human ES cells grown in it. [00014]
Fig. 2 presents a graphical presentation of data
showing that the medium with human matrix proteins
results in cultured human ES cells which do not
exhibit a sialic acid residue of non-human origin.
[00015] Fig. 3 is a graphical presentation of data
showing the high level of undifferentiated cells in
the human stem cell culture. [00016] Fig. 4 is a
graphical representation of data showing that the
medium described here results in robust growth of stem
cell cultures. DETAILED DESCRIPTION OF THE INVENTION
[00017] We have identified multiple culture conditions
and media which permit the indefinite culture and
robust proliferation of human embryonic stem cells in
an undifferentiated state and also in the absence of
both feeder cells and conditioned medium. The
development of these media and culture conditions make
possible the derivation and maintenance of human ES
cell lines in defined and controlled conditions
without direct or indirect exposure to animal cells of
any kind. These media have been demonstrated to
support undifferentiated ES cell proliferation through
multiple passages, at least five, which is firm
evidence that these media will support such cultures
indefinitely. [00018] A defined and humanized medium
for the culture and proliferation of human ES cells
typically includes salts, vitamins, a source of
glucose, minerals and amino acids. To supplement the
medium and supply conditions to support cell growth,
initially stem cell media included serum from one
source or another. Also previously, it has been
reported that the addition of fibroblast growth factor
plus a serum replacement additive will permit the
cultivation of human ES cells without serum. The serum
replacement can be a commercially available product
sold for that purpose or can be a formulated mixture
of protein, such as serum albumin,vitamins, salts,
minerals, a transferrin or transferrin substitute, and
insulin or an insulin substitute. This serum
replacement component may also be supplemented with
selenium. It is preferred here that a defined serum
replacement be used in lieu of serum from any source
in culturing 



human ES cells, in order to avoid the issues of
variation in serum constituents and to use media that
are as defined as possible. We have defined a
sufficient medium, and all of the components of the
medium taught here are disclosed in Table 1 set forth
below, which lists all the components of our medium,
designated TeSRl, by concentration of the
constituents. The TeSRl medium is comprised of a
DMEM/DF12 base, supplemented with human serum albumin,
vitamins, antioxidants, trace minerals, specific
lipids, and cloned growth factors. [00019] To avoid
the need for a fibroblast feeder layer, previously
thought to be necessary to maintain human ES cells in
an undifferentiated state, it is reported here that
the combination of the use of higher concentrations of
FGF (10 to 1000 ng/ml) together with the use of GABA
(gamma aminobutyric acid), pipecholic acid (PA),
lithium (LiCl) and transforming growth factor beta
(TGFb), will enable a medium to support
undifferentiated stem cell growth. The combination of
these additives has been found to be sufficient to
maintain the culture of human ES cells in an
undifferentiated state indefinitely without exposure
to either feeder cells or conditioned media. These
additives are demonstrably sufficient. However, all of
them may not be necessary for every medium
formulation. By selective deletion of these additives,
one or more of these components can be deleted
resulting in human ES cell cultures that will still
grow at a loss of purity of undifferentiated status in
the cultures. Such cultures may or may not remain
stable over many passages. However, it is clear that
the combination is sufficient to enable a variety of
media that will support the long term culture and
proliferation of undifferentiated human ES cells
through an indefinite number of passages without
feeder cells or conditioned medium. [00020] Our
initial subjective screens of these individual growth
factors, chosen because of the receptors expressed by
human ES cells, identified several factors as having
positive effects on undifferentiated proliferation. Of
these, bFGF, LiCl, g-aminobutyric acid (GABA),
pipecholic acid, and TGFb were ultimately included in
TeSRl. For each of the four cell lines tested, the
proliferation rate and the percentage of cells
maintaining expression of characteristic human ES cell
markers were higher in TeSRl than in control cells
cultured in fibroblast-conditioned medium, and removal
of any one of these five factors decreased culture
performance. Some of these data are illustrated in
Fig. 1, which shows that cultures grown in media with
any one of these constituents omitted exhibited a
lesser percentage of cells which remained
undifferentiated as compared to cultures with all four
of these medium constituents included. Note that
Oct4,SSEA-I, SSEA-4, Tral-60 and Tral-80 are all cell
surface markers or transcription factors (Oct4) which
are used to track the differentiation status of stem
cells. Fig 4 illustrates similar trials in which it
was demonstrated that over multiple passages the
growth rate of the cultures was the highest when all
these constituents together were in the culture
medium. [00021] It is also helpful to include in the
culture conditions for the human ES cells a biological
matrix in the culture vessel. One such material that
has been used is Matrigel (tm), which is an artificial
basement membrane of mouse cell origin, which is
supplied as a commercial product free of mouse cells.
Another material of human origin also known now to
serve a similar purpose is fibronectin, a human
glycoprotein which is used in its insoluble form to
create a fiber matrix also to serve as a basement
membrane for ES cell culture. In our hands a matrix of
fibronectin alone was not sufficient. However, it has
also now been found that a human matrix material can
be made of a combination of the human matrix proteins
collagen IV, fibronectin, laminin, and vitronectin and
this matrix suffices to support human ES cells
indefinitely in an undifferentiated state in the TeSRl
medium. [00022] Arriving at the above listed medium
additives followed the methodical testing of over 80
individual growth factors. While some of the additives
seemed, at least for a few passages, to support in the
growth of human ES cells in culture, many failed in
subsequent passages to maintain the ES cells in an
undifferentiated state. We were did not identify other
combinations of these factors which gave the results
of the media additives described in the examples
below. This is not to say the constituents are not
subject to some variation. For example, the LiCl is
used in the medium because it stimulates the wnt
pathway. Wnts themselves or other stimulators of this
pathway such as activin could be substituted as
equivalents to LiCl, even though LiCl is the likely
the most economical agent for this purpose. Similarly,
the GABA is believed to interact with the GABA
receptor, and the scientific literature includes the
identification of several molecules which are agonists
of that same receptor and might be substituted for
GABA in the medium as an equivalent. It is also
believed that PA also interacts with the GABA
receptor. While both PA and GABA were found to be
helpful in the medium at the concentrations used here,
it is also envisioned that one or the other of these
constituents could be dramatically increased in
concentration to obviate the need for the other.
[00023] The fibroblast growth factor in higher
concentrations (40 to 100 ng/ml) seems to obviated the
need for feeder cells. The preferred FGF is basic FGF,
also referred to as bFGF and FGF2, but other FGFs
including at least FGF4, FGF9, FGFl 7 and FGFl 8 will
suffice for this purpose as well. Other FGFs may also
work, even if at higher concentrations.[00024] The
observation that human embryonic stem (ES) cell
cultures have previously been maintained in an
undifferentiated state only when cultured in the
presence of fibroblast feeder cells or in conditioned
medium has led to speculation that the fibroblasts
release into the medium a factor which acts to inhibit
differentiation of the ES cells. However, whatever
effect that is mediated by the fibroblast feeder cells
to the medium, it is now clear that the medium
described below will substitute for that effect. The
three media defined below are defined, contain no
animal cells, and permit the long term culture of
undifferentiated human ES cells in an undifferentiated
state. An example is also presented of a medium in
which the proteins in the medium are all human, to
have a "humanized" medium and culture conditions to
avoid any possible concerns about sub-cellular
products of animal origin. [00025] EXAMPLES [00026]
The constituents of TeSRl medium, which was used for
all cultures described here unless otherwise
indicated, is set forth in Table 1 below. Our
preliminary experiments 



suggested that undifferentiated human ES cell
proliferation was optimal at a pH of 7.2, an
osmolality of 350 mOsMol, and an atmosphere of
10%CO2/5%O2. These conditions were used for all
subsequent cultures described here. [00027] Cells of
human ES lines Hl, H7, H9, and H14 cells have all
proliferated robustly in TeSRl for 11, 7, 25, and 17
passages respectively (2-6 months). The karyotypes
were confirmed normal for cell line H14 after 7
passages, and H9 after 8 and 2 1 passages. Teratoma
formation was confirmed for Hl and H9 after 11 and 20
passages. [00028] It has been suggested that prior ES
cell cultures are less than optimal because of the
presence of Neu5Gc, a sialic acid not made by humans.
Because the human matrix components collagen,
fibronectin, laminin and vitronectin eliminated the
final animal product from the TeSRl culture conditions
for human ES cells, we tested whether Neu5Gc was
eliminated from existing human ES cell lines during
culture in this medium. We confirmed the presence of
Neu5Gc on human ES cells cultured in fibroblast
conditioned medium, detected a reduced but detectable
amount on cells cultured in TeSRl on Matrigel, and
could not detect any Neu5Gc on ES cells cultured in
TeSRl using the four human matrix components. These
data are illustrated in Fig. 2. Thus human ES cells
cultured on TeSRl and on a matrix of human proteins do
not exhibit the non-human sialic acid residues found
in cells cultured on murine feeder cells. [00029] To
test the conditions of the ES cell colonies and the
suitability of the culture for the long term
maintenance of human ES cell cultures, the TeSRl
medium was compared to the best prior medium
condition, which in ours hands is the use of
conditioned medium. It was found that the TeSRl medium
was capable of maintaining the human ES cells in such
anundifferentiated state that over 90% of the cells
continued to test positive for Oct 4 even after long
term culture. The results of this test are presented
in the graph of Fig. 3. This represents the first
instance known in which any feeder free and
conditioned medium free medium has maintained a level
of undifferentiated growth of human ES cells to the
extent that over 90% of the cells in the culture
remain undifferentiated at all stages. [00030] The
growth curve and FACS analysis of Hl cells cultured
for 3 passages was measured in TeSRl medium and in
TeSR medium from which each the following components
had been omitted: TGFft PA, LiCl, GABA and bFGF. To
start the cultures, 3 X 105 cells from each cell line
were plated on Day 0 of passage 1. Cell numbers were
counted from triplicate wells to assess attachment
(day 2-3) and final cell number at passage (day 6-7).
Initial plating density and sampling times were
repeated, when possible, for 5 passages. Cells were
analyzed on day 6 of passage 3 by FACS for cell
surface markers SSEAl 5 SSEA4, Tra 1-60 and Tra 1-81
and for the transcription factor Oct4. This data is
presented graphically in Fig. 1. These data show that
human ES cells can be cultured in media lacking each
of these components at the cost of some unwanted
differentiation of cells in the culture, and that the
highest level of undifferentiated culture could only
be achieved by using all of these components. Similar
results were obtained with other cells lines as well.
[00031] The pluripotency of human ES cell lines
maintained in TeSRl medium was tested. Cells of newly
initiated cell lines WAOl and WA09, cultured in TeSRl
Medium on Matrigel matrix for 11 and 20 passages,
respectively were injected into SCID-beige mice.
Teratomas exhibiting complex differentiation developed
in the mice 6-8 weeks post-inoculation.TABLE 1
Complete Formulation for TeSRl Medium INORGANIC SALTS
mM AMINO ACIDS mM Calcium chloride (Anhydrous) 0.8232
L-Alanine 0.1392 HEPES 11.76 L-Arginine hydrochloride
0.5488 Magnesium chloride (Anhydrous) 0.2352
L-Asparagine-H2O 0.1392 Magnesium Sulfate (MgSO4)
0.319088 L-Aspartic acid 0.1392 Potassium chloride
(KCl) 3.26144 L-Cysteine-HCl-H2O 0.0784 Sodium
bicarbonate (NaHCCb) 11.2112 L-Cystine 2HCl 0.0784
Sodium chloride (NaCl) 94.55824 L-Glutamic acid 0.1392
Sodium phosphate, dibas (Anhydrous) 0.392 L-Glutamine
2.96 Sodium phosphate, mono. (NaH2PO4-H20) 0.355152
Glycine 0.296 L-Histidine-HCl-H2O 0.1176 TRACE
MINERALS L-Isoleucine 0.326144 Ferric Nitrate
(Fe(NO3)3-9H2O) 0.00009408 L-Leucine 0.353584 Ferric
sulfate (FeSO4-7H2O) 0.001176 L-Lysine hydrochloride
0.391216 Cupric sulfate (CuSO4-5H2O) 4.0768E-06
L-Methionine 0.090944 Zinc sulfate (ZnSO4-7H2O)
0.001176 L-Phenylalanine 0.16856 Ammonium Metavanadate
NH4VO3 0.000056 L-Proline 0.2176 Mangenous Sulfate Mn
SO4 H2O 1.00592E-05 L-Serine 0.296 Ammonium Molybdate
1.00404E-05 L-Threonine 0.352016 NiSO4 6H2O
4.94861E-06 L-Tryptophan 0.0346528 Sodium Meta
Silicate Na2SiO3 9H2O 0.004926108 L-Tyrosine 2Na 2H2O
0.167776 SnC12 5.32544E-06 L-Valine 0.354368 CdC12
6.2193 1E-05 CrC13 9.41176E-06 VITAMINS AgNo3
5.00293E-06 Ascorbic acid 0.375 A1C13 6H2O 2.4855E-05
Biotin 1.12112E-05 Ba (C2H3O2)2 4.9921 7E-05 Choline
chloride 0.0502544 CoC12 6H2O 5.0021E-05 D-Calcium
pantothenate !0.0036064 GeO2 2.5337E-05 Folic acid
0.004704 KBr 5.04202E-06 i-Inositol 0.05488 KI
5.12048E-06 Niacinamide 0.012936 NaF 0.000500119
Pvridoxine hvdrochlorid Ie 0.0076048RbCl 5.00414E-05
Riboflavin 0.0004704 ZrOC12 8H2O 9.03834E-05 Thiamine
hydrochloride 0.02460217 



Vitamin B12 0.000392 GROWTH FACTORS GABA 0.979 ENERGY
SUBSTRATES Pipecholic Acid 0.000984 D-Glucose 13.72784
bFGF 5.80E-06 Sodium Pyruvate 0.392 LiCl 0.979 TGF
beta 1 2.35E-08 PROTEINS Human Insulin 0.0034438
LIPIDS Human Holo-Transferrin 0.14 Linoleic Acid
0.0070976 Human Serum Albumin 199.7 Lipoic Acid
0.00039984 Arachidonic Acid 0.001312 OTHER COMPONENTS
Cholesterol 0.0113798 Glutathione (reduced) 0.00592996
DL-alpha tocopherol-acetate 0.02962 Hypoxanthine Na
0.01176 Linolenic Acid 0.007184 Phenol red 0.0159936
Myristic Acid 0.008758 Putrescine-2HC1 0.000394352
Oleic Acid 0.00708 Thymidine 0.001176 Palmitoleic Acid
0.007862 2-mercaptoethanol 0.1 Stearic Acid 0.00703
Selenium 0.000177304 Pluronic F-68 0.238 Tween 80
0.3358CLAIM OR CLAIMS I/WE CLAIM: 1. A method for
culturing human stem cells in an undifferentiated
state on a matrix without the need for feeder cells or
conditioned medium, the method comprising the step of
culturing the human stem cells in a medium including
salts, vitamins, amino acids, glucose, a fibroblast
growth factor, gamma amino butyric acid, pipecholic
acid, lithium and transforming growth factor beta, in
sufficient amounts to maintain the human stem cells in
an undifferentiated state through multiple successive
culture passages. 2. The method of claim 1 wherein the
medium includes the fibroblast growth factor in a
concentration of at least 40 ng/ml. 3. The method of
claim 1 wherein the medium also comprises transferrin
and insulin. 4. The method of claim 1 wherein the
human stem cells are embryonic stem cells. 5. In a
method of culturing human embryonic stem cells on a
matrix and in a medium including salts, vitamins,
amino acids, and a fibroblast growth factor, the
improvement comprising adding to the medium an amount
of gamma amino butyric acid, pipecholic acid, lithium
and transforming growth factor beta in an amount
sufficient to maintain the cells in an
undifferentiated state through multiple successive
culture passages. 6. An in vitro cell culture
comprising in a culture vessel: human stem cells; a
matrix on which stem cells can grow; and a culture
medium, the culture medium comprising salts, vitamins,
amino acids, glucose, a fibroblast growth factor,
gamma amino butyric acid, pipecholic acid, lithium and
transforming growth factor beta in sufficient amounts
to maintain the human stem cells in an
undifferentiated state through multiple culture
passages, the medium being free of feeder cells and
never having been exposed to feeder cells. 7. A cell
culture as claimed in claim 6 wherein the medium
includes the fibroblast growth factor in a
concentration of at least 40 ng/ml.8. A cell culture
as claimed in claim 6 wherein the medium included the
fibroblast growth factor in a concentration of at
least 100 ng/ml. 9. A cell culture as claimed in claim
6 wherein the medium further comprises proteins
selected from the group consisting of albumin, insulin
and transferrin. 10. A cell culture as claimed in
claim 6 wherein the proteins are human. 11. A cell
culture as claimed in claim 10 wherein the insulin and
transferrin are recombinant proteins. 12. A cell
culture as claimed in claim 6 wherein the stem cells
are human embryonic stem cells. 13. A culture of human
embryonic stem cells comprising undifferentiated human
stem cells, a matrix and a culture medium, the culture
free of feeder cells or medium exposed to feeder
cells, the medium also free of products from non-human
animals, the human embryonic stem cells proliferating
in an undifferentiated state and being at least 90%
positive for the transcription factor Oct4 through
prolonged culture. 14. A culture of human embryonic
stem cells as claimed in claim 13 wherein the cells do
not exhibit the sialic acid residue Neu5Gc. 15. A
medium for culturing stem cells, the medium comprising
salts, vitamins, amino acids, glucose, a fibroblast
growth factor, gamma amino butyric acid, pipecholic
acid, lithium and transforming growth factor beta in
sufficient amounts to maintain stem cells grown in the
medium in an undifferentiated state through multiple
culture passages. 16. The medium of claim 15, wherein
the medium further comprises proteins selected from
the group consisting of albumin, insulin and
transferrin. 


