woO 20117103187 A2 I 10KV 00O 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization- /25 | ]| HINIHND D000 0100 0.0 0O O O
A 5 (10) International Publication Number
(43) International Publication Date Vs
25 August 2011 (25.08.2011) WO 2011/103187 A2
(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
HO1L 21/20 (2006.01) kind of national protection available). AE, AG, AL, AM,
(21) International Application Number: ég’ éﬁ’ ég’ CAI\ZI, CBS > CBRB’ CBI(J}, g;l’ DB]IE{ ? DB%V ’];313[{ ? ]];é’
PCT/US2011/025079 DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT.,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
16 February 2011 (16.02.2011) KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
. ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(25) Filing Language: English NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
(26) Publication Language: English SE, 8G, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,

TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data:

61/305.072 16 February 2010 (16.02.2010) ys (84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,

(71) Applicant (for all designated States except US): THE GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
REGENTS OF THE UNIVERSITY OF MICHIGAN ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
[US/US]; 2071 Wolverine Tower, 3003 South State TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
Street, Ann Arbor, MI 48109 (US). EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,

LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,

(75) Tnventors/Applicants (for US only): MALDONADO, E}I;/IV {/I[{L) ?/{%P{\I(SFS’I\]?J’TSF’TE)G’ CL CM, GA, GN, GQ,
Stephen [US/US]; 4210 Westbrook Drive, Ann Arbor, ’ ’ O ’
MI 48108 (US). MUKHERJEE, Jhindan [IN/US]; 2071 Published:
Wolverine Tower, 3003 South State Street, Ann Arbor,
MI 48109 (US).

(74) Agents: ANDRZEJAK, Christopher, S. et al;
HOWARD & HOWARD ATTORNEYS PLLC, 450 West
Fourth Street, Royal Oak, MI 48067 (US).

(72) Inventors; and

—  without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: SEMICONDUCTOR THAT HAS A FUNCTIONALIZED SURFACE

(57) Abstract: This invention provides a semiconductor having a functionalized surface that is resistant to oxidation and that in-
cludes a plurality of atoms of a Group III element bonded to organic groups. The functionalized surface has less than or equal to
about 1 atom of the Group III element bonded to an oxygen atom per every 1,000 atoms of the Group III element bonded to the
organic groups, as determined using X-ray photoelectron spectroscopy. This invention also provides a method of functionalizing
the surface and includes the step of halogenating at least one of the plurality of atoms ot the Group III element to form halogenat-
ed Group III element atoms. The method also includes the step of reacting at least one of the halogenated Group III element atoms
with a Grignard reagent to form a bond between the at least one Group III element atom and the organic groups.



WO 2011/103187 PCT/US2011/025079

SEMICONDUCTOR THAT HAS A FUNCTIONALIZED SURFACE

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The subject patent application claims priority to and all the benefits of

U.S. Provisional Patent Application Serial No. 61/305,072, which was filed on
February 16, 2010, the entire specification of which is expressly incorporated herein
by reference.

FIELD OF THE INVENTION

[0002] The present invention generally relates to a semiconductor that has a

functionalized surface and a method of functionalizing the semiconductor. More
specifically, the functionalized surface is resistant to oxidation and includes a plurality
of atoms of a Group III element that are bonded to organic groups.

DESCRIPTION OF THE RELATED ART

[0003] Typical semiconductors (i.e., compounds that are traditionally classified

as semiconductors) have electrical conductivities that fall between those of conductors
and insulators. Semiconductors may be used in transistors, solar cells, diodes (such as
light-emitting diodes), rectifiers, digital and analog integrated circuits, radios,
computers, telephones, and many other electronic devices.

[0004] Semiconductors typically carry current either by a flow of electrons or by
a flow of positively-charged "holes.” The electrons of semiconductors have energies
within certain energy bands between ground state and a free electron energy level,
which is a level of energy required for an electron to escape from the semiconductor
and flow. Each of the energy bands corresponds to a discrete quantum state up to and
including a valence band and a conduction band of the semiconductor.
Semiconductors typically have enough electrons to nearly fill the valence band thus
allowing these electrons to be easily excited from the valence band into the
conduction band and allowing the electrons to flow, thereby generating current. The
ease with which the electrons can be excited from the valence band to the conduction
band depends on a band gap between the energy bands.

[0005] Semiconductors tend to be susceptible to interfacial degradation and
oxidation, which affects their performance. The degradation and oxidation typically
affects how much energy is required to excite electrons from the valence band into the

conduction band. In addition, any degradation and oxidation that occurs tends to
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reduce the predictability and stability of the semiconductor such that many of skill in
the art cannot precisely understand and predict how the semiconductors will act under
a variety of conditions.

[0006] In the past, protective native/thermal oxides were investigated for
passivating, i.e., reducing the reactivity of, semiconductors for purposes of inhibiting
degradation and oxidation thereof. However, there are few available chemical routes
for such processes thus rendering this technology unsuitable for commercial use.
Passivation of semiconductors with thiols and sulfides has also previously been
explored. However, neither the thiols nor the sulfides are particularly stable and their
modes of attachment to the semiconductors are not well understood, thereby limiting
practical utility and reproducibility. More specifically, photochemical grafting of
alkenes onto Group II-V semiconductors has also been reported but typically
involves initial pretreatment of the semiconductors with inductively coupled hydrogen
plasma which is both expensive and time consuming. Perhaps more importantly,
photochemical (ultraviolet light) grafting of alkenes onto Group III-V semiconductors
still results in appreciable interfacial oxidation which, as described above, reduces the
predictable operation and stability of the semiconductor. In addition, the use of the
plasma and UV light stimulates many different chemistries on the surface of the
semiconductors thereby degrading the surface and making the semiconductor less
suitable for use. Accordingly, there remains an opportunity to develop an improved
semiconductor.

SUMMARY OF THE INVENTION AND ADVANTAGES

[0007] The instant invention provides a semiconductor that has a functionalized

surface that is resistant to oxidation. The functionalized surface includes a plurality of
atoms of a Group III element bonded to organic groups. The functionalized surface
also has less than or equal to about 1 atom of the Group III element bonded to an
oxygen atom per every 1,000 atoms of the Group III element bonded to the organic
groups, as determined using X-ray photoelectron spectroscopy (XPS). The invention
also provides a method of functionalizing the surface of the semiconductor to resist
oxidation. The method includes the step of halogenating at least one of the plurality
of atoms of the Group III element to form halogenated Group III element atoms. The
method also includes the step of reacting at least one of the halogenated Group III

element atoms with a Grignard reagent to form a bond between the at least one Group



WO 2011/103187 PCT/US2011/025079

III element atom and the organic groups. The step of reacting, and the formation of
the bonds between the at least one Group III element and the organic groups,
functionalizes the surface of the semiconductor to resist oxidation. This invention
also provides an article that includes the semiconductor that has the functionalized
surface.
[0008] The organic groups bonded to the plurality of atoms of the Group III element
functionalize and passivate the surface of the semiconductor simultaneously and allow
the surface to resist oxidation, as represented by the small number of oxygen atoms
bonded to the atoms of the Group III element. The organic groups tend to cause steric
blocking effects that result in a kinetic inhibition of, and resistance to, oxide
formation (i.e., oxidation). The organic groups also tend to decrease the negative
effects of defects that may be present on the surface of the semiconductor and allow
for effective control of electronic properties of the semiconductor.
[0009] The step of halogenating activates the atoms of the Group III element and
tends to make a carbon-Group III element bond forming reaction more favored
thermodynamically and/or kinetically. In other words, the step of halogenating tends
to allow the halogenated atoms to be receptive to forming a bond with the
aforementioned organic groups. 'The step of reacting with the Grignard reagent
promotes specific and efficient bond forming reactions with the organic groups that
are both cost and time effective. In addition, reacting with the Grignard reagent is
reproducible and controllable, thereby maximizing industrial and commercial viability
and overall desirability.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] Other advantages of the present invention will be readily appreciated, as the

same becomes better understood by reference to the following detailed description
when considered in connection with the accompanying drawings wherein:

[0011] Figure 1A illustrates two non-limiting reaction schemes wherein gallium
atoms are alkylated after halogenation and subsequent reaction with two different
Grignard reagents;

[0012] Figure 1B illustrates one example of the functionalized surfaced of the
semiconductor wherein gallium atoms are bonded to organic groups (R);

[0013] Figure 2 is a C;; XP spectra illustrating (1) N(e) as a function of binding
energy of the surface of GaP(111)B (top) and GaP(111)A (bottom) after halogenation
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of gallium atoms with PCls and also illustrating (2) that the surface of GaP(111)A is
selectively chlorinated;

[0014] Figure 3A is a side view of a water droplet disposed on a surface of
GaP(111)A that is etched allowing for calculation of a Wetting Contact Angle (8) of
about 19.9° £ 0.9°;

[0015] Figure 3B is a side view of a water droplet disposed on a surface of
GaP(111)A after halogenated gallium atoms react with CH3;MgCl allowing for
calculation of a Wetting Contact Angle (0) of about 67° + 4°;

[0016] Figure 3C is a side view of a water droplet disposed on a surface of
GaP(111)A after halogenated gallium atoms react with C;3H3;;MgCl allowing for
calculation of a Wetting Contact Angle (0) of about 119° £ 6°;

[0017] Figure 4 is a Cy; XP spectra illustrating N(e) as a function of binding energy of
the surface of GaP(111)A etched using H,SO,4 (top) and also of the surface of
GaP(111)A after halogenating at least one of the plurality of atoms of gallium with
PCl;s to form halogenated gallium and reacting at least one of the halogenated gallium
atoms with CH;MgCl (bottom);

[0018] Figure SA is a P, spectra illustrating N(e) as a function of binding energy of
the surface of GaP(111)A after etching, halogenation, and reacting at least one of the
halogenated gallium atoms of the surface with CHsMgCl and showing minimal
oxidation of the surface after 70 minutes;

[0019] Figure 5B is a P», spectra illustrating N(e) as a function of binding energy of
the surface of GaP(111)A after etching, halogenation, and reacting at least one of the
halogenated gallium atoms of the surface with C;sH3;MgCl and showing no
detectable oxidation of the surface after 75 minutes;

[0020] Figure 5C is a Py, spectra illustrating N(e) as a function of binding energy of
the surface of GaP(111)A after etching with H,SO,4 and showing extensive oxidation
of the surface after 70 minutes of exposure to ambient air;

[0021] Figure 6 is a graph illustrating oxide thickness (nm) on the surface of
GaP(111)A as a function of time exposed to the ambient environment wherein (1) the
surface of GaP(111)A is etched but not functionalized, (2) the surface is etched, the
gallium atoms are halogenated, and the halogenated atoms are reacted with CH;MgCl

to functionalize the surface, or (3) the surface is etched, the gallium atoms are
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halogenated, and the halogenated atoms are reacted with C1gH37MgCl to functionalize
the surface;

[0022] Figure 7 is a graph illustrating current voltage response for contacts between
Hg and (1) the surface of GaP(111)A after etching with H,SO,4 and (2) the surface of
GaP(111)A after etching with H,SO,, halogenation of gallium atoms, and reaction of
halogenated gallium atoms with C;gH;;MgCl to functionalize the surface, and
showing that the functionalized surface requires less voltage for operation;

[0023] Figure 8 is a Cy; XP spectra illustrating N(e) as a function of binding energy of
the surface of GaAs(111)A (top) and GaAs(111)B (bottom) after halogenation of
gallium atoms with HCI in ether and also illustrating that the surface of GaAs(111)A
is selectively chlorinated;

[0024] Figure 9A is a Cy; XP spectra illustrating N(e) as a function of binding energy
of (1) the surface of GaP(111)A etched using H,SOy, after halogenating at least one of
the plurality of atoms of gallium with PCls to form halogenated gallium, and after
reacting at least one of the halogenated gallium atoms of the surface with CgH37MgCl
to functionalize the surface (top) and (2) the surface of GaAs(111)A etched using
H,S0y, after halogenating at least one of the plurality of atoms of gallium with HCI in
ether to form halogenated gallium, and after reacting at least one of the halogenated
gallium atoms with C;3H37;MgCl to functionalize the surface (bottom);

[0025] Figure 9B is a highly resolved portion of the C;; XP spectra of the bottom of
Figure 9A showing a C;; peak next to an As Auger peak;

[0026] Figure 10A is a side view of a water droplet disposed on a surface of
GaAs(111)A that is etched allowing for calculation of a Wetting Contact Angle (0) of
about 45° £ 4°;

[0027] Figure 10B is a side view of a water droplet disposed on a surface of
GaAs(111)A after halogenated gallium atoms react with CsH;7MgCl allowing for
calculation of a Wetting Contact Angle (0) of about 85° + 5°;

[0028] Figure 10C is a side view of a water droplet disposed on a surface of
GaAs(111)A after halogenated gallium atoms react with C14HpoMgCl allowing for
calculation of a Wetting Contact Angle (0) of about 99° + 4°;

[0029] Figure 10D is a side view of a water droplet disposed on a surface of
GaAs(111)A after halogenated gallium atoms react with CigH3;MgCl allowing for

calculation of a Wetting Contact Angle (0) of about 107° £ 11°;
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[0030] Figure 10E is a plot showing Wetting Contact Angle (6) as a function of
number of carbon atoms functionalized onto the surface of GaAs(111)A;
[0031] Figure 11A is an Assg spectra illustrating N(e) as a function of binding energy
of the surface of GaAs(111)A after etching, halogenation, and reacting at least one of
the halogenated gallium atoms with C;3H37;MgCl to functionalize the surface and also
illustrating that alkylated GaAs shows no detectable oxidation after 75 minutes of
exposure to ambient air;
[0032] Figure 11B is an Assq spectra illustrating N(e) as a function of binding energy
of the surface of GaAs(111)A after etching with H,SO,4 and also illustrating that non-
alkylated GaAs is susceptible to oxidation after 75 minutes;
[0033] Figure 12 is a plot showing a thickness of an oxidation layer (nm) on the
surface of (1) GaP(111)A etched, (2) GaP(111)A etched, halogenated with PCls, and
reacted with CygH3;MgCl to functionalize the surface, (3) GaAs(111)A etched, and
(4) GaAs(111)A etched, halogenated with HCI in ether, and reacted with CisH37MgCl
to functionalize the surface, as a function of time;
[0034] Figure 13 is a graph illustrating current density as a function of potential for
contacts between Hg and (1) the surface of GaAs(111)A after etching and (2) the
surface of GaAs(111)A after etching, halogenation of gallium atoms, and reaction of
halogenated gallium atoms with CysH37MgCl to functionalize the surface;
[0035] Figure 14 is a graph illustrating electrical stability of surfaces to passage of
current for (1) the surface of GaAs(111)A after thiolation with -SCqsH37 and (2) the
surface of GaAs(111)A after functionalization with CygHjz7;
[0036] Figure 15 is an XP spectra illustrating N(e) as a function of binding energy of
(1) the surface of GaN(0001) after etching with KOH (top) and (2) the surface of
GaN(0001) after etching with KOH and halogenation of gallium atoms with PCls
(bottom); and
[0037] Figure 16 is a Cy; Fi; XP spectra illustrating N(e) as a function of binding
energy of (1) the surface of GaN(0001) etched and after halogenating at least one of
the plurality of atoms of gallium with PCls to form halogenated gallium and reacting
at least one of the halogenated gallium atoms with FCsH4MgBr to functionalize the
surface (top) and (2) the surface of GaN(0001) after etching (bottom), and also
illustrating the successful alkylation of GaN(0001).

DETAILED DESCRIPTION OF THE INVENTION
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[0038] The instant invention provides a semiconductor that has a surface (20)
that is functionalized (i.e., a functionalized surface) and that is resistant to oxidation,
as shown, for example, in Figured 1A and B. The invention also provides a method
of functionalizing the surface (20) and an article that includes the semiconductor
having the functionalized surface.

Surface of the Semiconductor:

[0039] Both before and after functionalization, the surface (20) may be smooth or
may include undulations or defects. Alternatively, the surface (20) may include
portions that are smooth and other portions that include undulations or defects. Most
typically, the surface (20) is further defined as a top or uppermost plane extending
across the atoms that form the semiconductor. As shown in Figure 1B, for example,
the surface (20) is typically the top or uppermost plane that extends across the gallium
atoms. Most typically, the surface (20) itself is disposed below or under organic
groups that are used to functionalize the surface (20), such as “R” groups set forth in
Figure 1B. It is contemplated that the organic groups used to functionalize the surface
(20) of the semiconductor may themselves form a second outermost surface (20) that
is disposed above the surface (20) of the semiconductor and that is exposed to the
environment.

[0040] The surface (20) of the semiconductor includes a plurality of atoms of a Group
III element, e.g. boron, aluminum, gallium, indium, or thallium. In one embodiment,
the surface (20) includes an approximate mono-layer of atoms of the Group III
element. However, the surface (20) may include two or more layer of atoms of the
Group III element. Typically, the Group III element is further defined as gallium,
indium, or aluminum. The plurality of atoms may include only atoms of a single
Group III element or may include a combination of atoms of two or more Group III
elements. Atoms of a Group IV and/or Group V element may be combined with the
atoms of the single Group III element or with the combination of atoms from the two
or more Group III elements. In various embodiments, the surface (20) consists
essentially of a plurality of atoms of gallium, indium, and/or aluminum and includes
less than 0.01 weight or molar percent of atoms of Group IV and/or Group V
elements. Alternatively, the surface (20) may consist essentially of the plurality of
atoms of a single Group III element and include less than 0.01 weight or molar

percent of atoms of other Group III elements and/or of atoms of Group IV and/or
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Group V elements. As just one non-limiting example, the surface (20) may consist
essentially of a plurality of gallium atoms and include less than 0.01 weight or molar
percent of atoms of other Group III elements. It is also contemplated that the surface
(20) may consist of a plurality of atoms of a single Group III element or consist of a
plurality of atoms of a combination of two or more Group III elements. In some
embodiments, the surface (20) includes less than 10 weight percent, 5 weight percent,
1 weight percent, 0.5 weight percent, 0.1 weight percent, or less than 0.01 weight
percent, of silicon, germanium, and/or tin. It is also contemplated that the surface
(20) may be free of silicon, germanium, and/or tin.

[0041] At least some of the atoms of the Group III element may be covalently
bonded to a Group V element to form, for example, aluminum nitride, aluminum
phosphide, aluminum arsenide, gallium nitride, gallium phosphide, gallium arsenide,
indium nitride, indium phosphide, and/or indium arsenide. It is also contemplated
that one or more aluminum/gallium/indium - phosphide-arsenide alloys,
aluminum/indium phosphide-arsenide alloys, aluminum/indium phosphide-nitride
alloys, aluminum/indium arsenide-nitride alloys, gallium/indium phosphide-arsenide
alloys, gallium/indium phosphide-nitride alloys, gallium/indium arsenide-nitride
alloys, gallium phosphide-arsenide alloys, indium phosphide-arsenide alloys, and
combinations thereof, may be utilized. Of course, even if some atoms of the Group
IIT element are bonded to a Group V element, not every atom need be bonded in such
a way. Just as above, the surface (20) may include only atoms of a single Group III
element bonded to atoms of a single Group V element, atoms of a single Group III
element bonded to atoms of more than one Group V element, atoms of more than one
Group III element bonded to atoms of a single Group V element, or atoms of more
than one Group III element bonded to atoms of more than one Group V element. It is
also contemplated that the aforementioned description of the “consisting essentially
of” and “consisting of” embodiments may, but not necessarily, include the atoms of
the Group III element(s) bonded to atoms of the Group V element(s).

Body of the Semiconductor:

[0042] In addition to the surface (20) described above, the semiconductor
typically has a body (not shown in the Figures) that includes one or more layers of
atoms disposed below or under the surface (20). The body of the semiconductor

typically includes atoms of the Group III element and may have any composition or
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configuration as described above relative to the surface (20). Most typically, the
atoms of the body of the semiconductor are not functionalized with the organic
groups. In various embodiments, the semiconductor including the body and the
surface (20) includes at least 10, 20, 30, 40, 50, 60, 70, 80, 90, 95, 99, or even greater,
parts by weight of atoms of the Group III element per 100 parts by weight of the
semiconductor. In other embodiments, the semiconductor including the body and the
surface (20) includes at least 55, 65, 75, 85, or 95 parts by weight of atoms of the
Group III element based on 100 parts by weight of the semiconductor. Most
typically, the body of the semiconductor includes the atoms of the Group III element
bonded to the Group V element. As just one non-limiting example, the body of the
semiconductor may include, or be, gallium phosphate. Of course, it is to be
understood that this invention is not limited to the aforementioned values and that the
semiconductor can include an amount of the plurality of atoms of the Group III
element and/or Group V element in any whole or fractional amount or range of
amounts within the aforementioned values.

Structure of the Body and/or Surface of the Semiconductor:

[0043] The semiconductor body and/or surface (20) may have any orientation or
structure known in the art. In one embodiment, at least some of the atoms of the
Group III element are covalently bonded to phosphorous to form, for example, GaP,
which is tetrahedral. In another embodiment, at least some of the atoms of the Group
III element are bonded such that they have a zinc-blend structure. In still other
embodiments, at least some of the atoms of the Group III element are bonded such
that they form a wurtzite structure. Typically GaP and GaAs form zinc-blend
structures. GaN, on the other hand, typically forms a wurtzite structure.

[0044] The semiconductor body can be cut along one or more crystalline
planes/faces, such as a 111 plane/face, a 0001 plane/face, etc, to expose, for example,
a majority of atoms of Group III and/or Group V elements on/along the plane/face.
As is known in the art, after cutting along the one or more crystalline planes, the
semiconductor body may have an “A” side that includes predominately exposed
Group III atoms (e.g. GaP(111)A) and a “B” side that includes predominately exposed
Group V atoms (e.g. GaP(111)B). The aforementioned nomenclature may also

describe the aluminum/ gallium/indium— nitrides/phosphides/arsenides, set forth
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above. At least a portion, or an entirety, of the surface (20) of the semiconductor may
also be further defined as one of the aforementioned planes/faces such as a 111 face.

Functionalized Surface of the Semiconductor:

[0045] Referring back to the surface (20) of the semiconductor, the surface (20)
is functionalized and, when functionalized, includes the plurality of atoms of the
Group I element bonded to the organic groups, as first introduced above. Said
differently, the organic groups functionalize the surface (20) (and atoms thereof) upon
bonding. Typically, the organic groups are covalently bonded to the atoms of the
Group III element. In one embodiment, the organic groups are covalently bonded to
the plurality of atoms of the Group III element via reaction with a Grignard reagent,
as described in greater detail below.

[0046] The organic groups are not particularly limited in composition or
structure and one ore more organic groups may independently be further defined, for
example, as a substituted or unsubstituted alkyl, aryl, alkenyl, alkynyl, aliphatic,
cycloaliphatic, or aromatic, group. Alternatively, one or more organic groups may
independently be further defined as a functionalized alkyl or aryl group that is bonded
to, for example, a halogen atom. It is to be appreciated that in this embodiment, the
halogen atom is not bonded to the Group III element. In various embodiments, at
least one organic group is a substituted or unsubstituted alkyl or aryl group having
from 1 to 50, 1 to 40, 1 to 30, 1 to 20, 5 to 20, 5 to 15, 5 to 10, 10 to 30, 10 to 20, 15
to 30, 15 to 20, 3 to 18, 5 to 18, 10 to 18, or 16 to 18, carbon atoms. In one
embodiment, the organic group is further defined as a methyl group. In another
embodiment, the organic group is further defined as an alkyl group having from 2 to
20 carbon atoms. In still other embodiments, the organic group is further defined as
an alkyl group having from 4 to 17, from 5 to 16, from 6 to 15, from 7 to 14, from 8 to
13, from 9 to 12, or 10 or 11, carbon atoms. It is also contemplated that the organic
group may have any number, or range of numbers, of carbon atoms within those
ranges set forth above and that the aforementioned number of carbon atoms can vary
by +5%, *10%, *15%, +20%, +25%, +30%, etc.

Physical Properties of the Functionalized Surface:

[0047] The surface (20) of the semiconductor, after being functionalized, is
resistant to oxidation, i.e., formation of bonds between oxygen atoms and atoms of the

Group III element of the surface (20). Accordingly, the functionalized surface
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typically has less than or equal to about 10, 5, 4, 3, 2, or 1, atom of the Group III
element bonded to an oxygen atom per every 1,000 atoms of the Group III element
bonded to the organic groups, as determined using X-ray photoelectron spectroscopy.
Said differently, the functionalized surface typically has less than or equal to about 1,
0.5, 0.4, 0.3, 0.2, or 0.1, percent of oxide content based on a total number of atoms
subject to (or “visible” by) X-ray photoelectron spectroscopy. In one embodiment,
the detection limit of X-ray photoelectron spectroscopy is about 0.1% such that
spectra that do not show a peak corresponding to oxide formation, i.e., an oxygen
bond, indicate that less than about 0.1% of oxide content is present. The X-ray
photoelectron spectroscopy measurements or determinations, according to this
invention, can be made immediately after functionalization of the surface (e.g., at a
time of zero) or at/after any interval of time thereafter, typically up to about 75 to 90
minutes after functionalization. In one embodiment, the functionalized surface has
less than about 0.4 nm of oxide content. In other embodiments, the functionalized
surface has less than about 0.35, 0.3, 0.25, 0.2, 0.15, or 0.1, nm of oxide content. In
still other embodiments, the functionalized surface has about one, or less than about
one, monolayer of oxide content.

[0048] The surface (20) of the semiconductor, after being functionalized,
typically has a Wetting Contact Angle (0) of water droplets of > 40°, > 50°, > 60°, >
70°, > 80°, > 90°, > 100°, > 110°, or > 120°, as determined using the method
described below in the Examples. Some non-limiting examples of Wetting Contact
Angles are shown in Figure 3 and 10. In addition, the functionalized surface
typically has an overlayer oxidation thickness of less than about 0.025 nm after 20,
30, 40, or 50 minutes of exposure to the ambient air at about 25°C and atmospheric
pressure and less than about 0.05 nm after 60, 70, 80, or 90 minutes of exposure to
the same ambient air. Non-limiting examples of thicknesses of overlayer oxidation
are set forth in Figure 12. In addition, the functionalized surface (e.g. GaAs)
typically has a dark current-voltage response (current density as a function of
potential) of less than about 0.1 mA cm™ at -0.5 V, for contacts between Hg and the
functionalized surface, as set forth in Figure 13. Alternatively, the functionalized
surface (e.g. GaP) can have a current voltage response as shown in Figure 7. In other
embodiments, the functionalized surface (e.g. GaAs) has an electrical stability

(potential as a function of scan number) that corresponds to a slope of less than 3.3 x
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10° V/scan, less than 1.1 x 10° V/scan, or about 8.7 x 107 V/scan, or even less, as set
forth in Figure 14. It is also contemplated that any one or more of the aforementioned
values may be any number, or range of numbers, of within those ranges set forth
above and that the aforementioned number of carbon atoms can vary by 5%, +10%,
+15%, £20%, +25%, +30%, etc.

Method of Functionalizing the Surface of the Semiconductor to Resist Oxidation:

Etching the Semiconductor:

[0049] The method of functionalizing the surface (20) of semiconductor to resist
oxidation may include the step of etching the surface (20) of the semiconductor. The
step of etching the surface (20) is not limited to use of any particular temperature or
pressure and need not occur for any particular length of time. The surface (20) may
be etched with an acid, such as a strong acid. Suitable non-limiting examples of
strong acids that can be used in this invention include HCI, HNO3, H,SO4, HBr, HI,
and/or HC104. Weaker acids can also be used. Alternatively, the surface (20) may be
etched with a base, such as an alkaline- or alkaline earth- metal hydroxide, such as
KOH. The acid or base may be used neat or may be diluted in a solvent. The surface
(20) may be etched with any amount of the acid or base. Said differently, the instant
invention is not limited to use of a particular weight, volume, or molar amount of the
acid or base. Typically, Group III element-phosphides and arsenides are etched using
a strong acid, such as sulfuric acid (H,SO,). Group III element-nitrides are typically
etched using a strong base, such as KOH. The choice of particular etching acids or
bases is typically based on the strength of the acids and bases and whether the acids
and bases degrade the surface (20) of the semiconductor. Most typically, the acids
and bases that are used to etch the surface (20) do not overly degrade or pit the
surface (20). Most typically, before etching, the surface (20), which may be polished,
has a root mean square roughness of about 0.2 nm, as determined using atomic force
microscopy. After etching, the surface (20) typically has a similar root mean square
roughness. However, the invention is not limited to such a roughness and the surface
(20) may have a root mean square roughness that is greater or less than 0.2 nm. In
one embodiment, the step of etching is specifically free of/does not utilize
hydrofluoric acid (HF).

Halogenating at I.east One of the Plurality of Atoms of the Group III Element:
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[0050] Notwithstanding the step of etching the surface (20), the method includes
the step of halogenating at least one of the plurality of atoms of the Group III element
to form halogenated Group III element atoms, as shown in Figures 2, 8, and 15. The
atoms of particular faces or planes of the semiconductor (e.g., 111(A)) may be
preferentially halogenated as compared to other faces or planes (e.g., 111(B)).

[0051] The step of halogenating typically occurs after the step of etching, if
utilized.  The step of halogenating may include fluorinating, chlorinating,
brominating, and/or iodinating or any other halogenating method known in the art.
The step of halogenating may be further defined as reacting at least one of the
plurality of atoms of the Group III elements with a halogenating agent. The step of
halogenating is not limited to any particular halogen and typically includes reaction of
chlorinating and/or brominating agents with at least one of the plurality of atoms of
the Group III element to covalently bond a chlorine or bromine atom to the atom of
the Group III element. Suitable non-limiting examples of halogenating agents include
PX%, XCCOCX", X%CCN, X5CCO0EL X5CCX s, X5CCONIL, SOXY, PXY,
halogen gases (X%), organo-fluorines, -chlorines, -bromines, and -iodines, -fluorides,
-chlorides, and -bromides, halogenated hydrocarbons, halogenated solvents such as
HCI and other halogenated acids, HCI in ether, and combinations thereof, wherein
halogen atoms (e.g. X°, X®) may be the same or different and may independently
include fluorine, chlorine, bromine, and/or iodine. It is also contemplated that X* and
XP may represent more than one halogen at the same time. As just one example,
X45CCX5% may be further defined as CIBrFCCCIBrF, wherein each of X® and x° may
represent more than one halogen at the same time. In one embodiment, the
halogenating agent is further defined as phosphorus pentachloride (PCls). In another
embodiment, the halogenating agent is further defined as thionyl chlorine (SOCL).
Typically, a halogenating agent is chosen such that the surface (20) of the
semiconductor is not degraded or pitted, as described above. In one embodiment, at
least some of the plurality of atoms of the Group III element are covalently bonded to
phosphorous and the step of halogenating is further defined as reacting at least one of
the plurality of atoms of the Group III element with PCls. In another embodiment, at
least some of the plurality of atoms of the Group III element are covalently bonded to
arsenic and the step of halogenating is further defined as reacting at least one of the

plurality of atoms of the Group III element with HCI in ether. In still another
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embodiment, at least some of the plurality of atoms of the Group III element are
covalently bonded to nitrogen and the step of halogenating is further defined as
reacting at least one of the plurality of atoms of the Group III element with PCls. The
halogenating agent is not limited in this invention and may include any known in the
art.

[0052] In one embodiment, at least one of the plurality of atoms of the Group III
elements is reacted with a chlorinating agent, e.g. phosphorus pentachloride (PCls),
resulting in Cl-surface coverage of about 1.16 £ 0.03 monolayers as determined using
x-ray photoelectron spectroscopy (XPS). Alternatively, the halogen, or Cl, surface
(20) coverage may range from 0.05 to greater than 1.16 monolayers as determined
using x-ray photoelectron spectroscopy. In various embodiments, the surface
coverage ranges from about 0.95 to 1.10, from about 0.95 to 1.05, from about 1.00 to
1.10, or from about 1.00 to 1.5, monolayers as determined using x-ray photoelectron
spectroscopy.

[0053] The step of halogenating may occur in/utilize an inert atmosphere, a
reactive (e.g. oxygenated) atmosphere, or both inert and reactive atmospheres.
Typically, the step of halogenating occurs under an inert atmosphere. The inert
atmosphere may include any inert gas including, but not limited to, nitrogen (N;), one
or more noble gases, and combinations thereof. The inert atmosphere may include an
alternative gas that is not oxygen, as is known in the art. The step of halogenating
may also occur at any temperature and pressure and may be undertaken for any
amount of time. Those of skill in the art will select an appropriate atmosphere,

temperature, pressure, and time for the step of halogenating.

Reacting at .east One Halogenated Atom of the Group III Element with a Grignard

Reagent:
[0054] The method also includes the step of reacting at least one of the

halogenated atoms of the Group III element with a Grignard reagent (that includes the
organic group(s)) to form a bond between the at least one Group III element atom and
the organic groups and functionalize the surface (20) of the semiconductor to resist
oxidation, as shown in Figures 4-6, 9, 11, and 16. The steps of halogenating and
reacting may occur simultaneously or nearly simultaneously. The halogenated atoms

of particular faces or planes of the semiconductor (e.g., 111(A)) may preferentially
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react with the Grignard reagent as compared to the atoms of other faces or planes
(e.g., 111(B)), as shown in Figures 2 and 9.

[0055] Typically, Grignard reagents include, but are not limited to, alkyl- and
aryl- metal halides such as alkyl- and aryl- magnesium halides. Alternatively, the
Grignard reagent may include any alkylated- or arylated- alkali metal halide or
alkaline earth metal halide that can act as a nucleophile, such as alkyl- and aryl-
lithium halides. The chemical formula for the Grignard reagent may be R-M-X,
wherein R is a substituted or unsubstituted alkyl or aryl group, M is a metal such as an
alkali metal or alkaline earth metal, and X is a halide.

[0056] In various embodiments, R is further defined, for example, as a
substituted or unsubstituted alkyl, aryl, alkenyl, alkynyl, aliphatic, cycloaliphatic, or
aromatic, group. Alternatively, R may be further defined as a functionalized alkyl or
aryl group bonded to, for example, a halogen atom. In various embodiments, R is a
substituted or unsubstituted alkyl or aryl group having from 1 to 50, 1 to 40, 1 to 30, 1
to 20, 5 to 20, 5 to 15, 5 to 10, 10 to 30, 10 to 20, 15 to 30, 15 to 20, 3 to 18, 5 to 18,
10 to 18, or 16 to 18, carbon atoms. In one embodiment, R is further defined as a
methyl group. In another embodiment, R is further defined as an alkyl group having
from 2 to 20 carbon atoms. In still other embodiments, R is further defined as an
alkyl group having from 4 to 17, from 5 to 16, from 6 to 15, from 7 to 14, from 8 to
13, from 9 to 12, or 10 or 11, carbon atoms. In various embodiments, R is further
defined as CH; (e.g. from CH;MgCl), CsHj7 (e.g. from CgH7sMgCl), C14Hyg (e.g. from
C14HyoMgCl), or CigHs7 (e.g. from CysH3;MgCl). It is contemplated that a single
Grignard reagent, or two or more Grignard reagents, e.g., CH;MgCl and C,3H3,MgCl,
may be utilized. Suitable, but non-limiting, examples of Grignard reagents include
CoHon1MgCl (wherein n is a number of from 1 to 50), C,H;BrMg, C,H;CIMg,
C;HsBrMg, C4H;BrMg, CH;BrMg, CH;CIMg, CHs;IMg, C,HsBrMg, C,HsCIMg,
C;HsBrMg, C;HBrMg, C;H,CLLiMg, CsH;BrMg, C4H,CIMg, CsHoBrMg,
C4HoCIMg, C4HoClLiMg, C4H;;CIMgSi, CsHoBrMg, CsHoCIMg, CsHjoBr,Mg,.
CsHj1BrMg, CgHp;BrMgO,, Ce¢H;CIMg, CeHijsBrMg, C;HgBr.Mg, C;HgCIFMg,
C/H,CIMg, C;H;3BrMg, C;H;sMgBr, CsHoClIMg, CgHj7BrMg, CgH7ClMg,
CoHC194BrMg, Ci10H13CIMg, CioHy1BrMg, Cj1HoBrMg, CipHysBrMg, CiaHoCIMg,
CisHsBrMg, CisH3CIMg, C,HBrMg, C,HCIMg, CsH;BrMg, CgHsBrMg,
C¢BrFsMg, CgH,BrF;Mg, CsH;BrCIFMg, Ce¢H;BrCIFMg, CeH3BrCl,Mg,
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CeHsBrF,Mg, CeHyBrClMg, CgHuBrEFMg, Ce¢H4BrFMg, CgHsBrMg, CgHsCIMg,
C7/H4BrF;MgO, C;HsBrFsMg, C/HgBrCiMg, C;HgBrFMg, C;HsCIFMg, C;H;BrMg,
C/H;BrMgS, C;H,CIMg, CgHoBrMg, CgHoCIMg, CsHioBrMgN, CoH;;BrMg,
CioH,BrMg, CioH;3sBrMg, CiHoBrMg, C11H14BrMgN, Ci,HoBrMg, Ci,HsBrMgN,
CisHoBrMg, Ci4HisBrtMgNO,  CjsHpsBrMg, C4H,BrCiMgS, C4H;BrMgS,
C,H;IMgS, CsHsBrMgS, CgHisMg, isomers thereof, and combinations thereof.
Alternatively, the Grignard reagent may be further defined as, or as including,
C11H14BrMgNO, C11H14BrMgNO, C11H14BrMgNO, C1oHpCIMgNSI,,
CoHysCLLiIMgN, Cy1HpsLiMg, CipHy;LiMg, isomers thereof, and combinations
thereof.

[0057] It is also contemplated that the Grignard reagent may be further defined
as having the aforementioned R-M-X structure wherein R is not an alkyl group and
instead includes one or more of an alkene, alkyne, nitrile, ether, thiol, sulfide,
epoxide, carboxylic acid, ester, aldehyde, ketone, alcohol, amine, amide, benzyl,
phenyl, phenol, multi-ringed group, or combination thereof, so long as each includes a
carbon atom. Said differently, R is not particularly limited and may include any
functional group known in the art so long as reaction of the semiconductor and the
Grignard reagent produces a carbon-Group III element (e.g. a carbon-gallium) bond.
Typically, a carbon atom is bonded to the metal of the Grignard reagent such that the
Grignard reagent forms the carbon-Group III element bond. Also, the halogenation of
the atoms of the Group III element typically prepares the atoms for reaction with the
Grignard reagent and makes the carbon-Group III element bond forming reaction
more favored thermodynamically and/or kinetically.

[0058] The step of reacting at least one of the halogenated atoms of the Group III
element with the Grignard reagent may occur at any temperature and pressure and
may be undertaken for any amount of time. Those of skill in the art will select an
appropriate atmosphere, temperature, pressure, and time. Typically, the step of
reacting with the Grignard reagent occurs under an inert atmosphere.

[0059] The at least one of the halogenated atoms of the Group III element may
be reacted with any amount of the Grignard reagent. Said differently, the instant
invention is not limited to use of a particular weight, volume, or molar amount of the
Grignard reagent. In one embodiment, a molar excess of the Grignard reagent is used

relative to the number of moles of the halogenated atoms of the Group III element. It
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is also contemplated that approximately a 1:1 molar ratio of Grignard reagent to the
halogenated atoms of the Group III element may be utilized. In one embodiment, the
surface (20) of the semiconductor is submerged in a solution of Grignard reagent.
Typically, the solution includes a molar excess of the Grignard reagent relative to the
number of moles of the halogenated atoms of the Group III element.

Various Additional Embodiments:

[0060] In one embodiment, the semiconductor includes the body and the surface
(20) and the surface (20) is etched using acid, such as sulfuric acid. Then, the
semiconductor is introduced into an inert atmosphere and immersed in a saturated
solution of a halogenating agent (e.g. PCls) in a solvent such as chlorobenzene which
may include a peroxide such as benzoyl peroxide. The saturated solution including
the semiconductor is then heated to a temperature of from 90 to 100°C for about 50
minutes to halogenate the atoms of the Group III element. The semiconductor is then
typically removed from the saturated solution and rinsed with a second solvent which
also may be chlorobenzene. Typically, after rinsing, the semiconductor is allowed to
dry in the inert atmosphere. Subsequently, the semiconductor is submerged in a
solution including the Grignard reagent for a time of 1 to 5, 2 to 4, or 2 to 3 hours at
varying temperatures of from 50 to 150°C, 65 to 70°C, or 145 to 150 °C, to react the
Grignard regent with the halogenated atoms of the Group III element and
functionalize the surface. Alternatively, the semiconductor may be submerged in
solution including the Grignard reagent for a time of 10 to 20 hours, e.g. about 13
hours, at temperatures of from 65-70 °C. Subsequently, the semiconductor is
removed from solution and rinsed with a third solvent, such as THF and/or methanol.
The semiconductor having the functionalized surface may then be allowed to dry
again in the inert atmosphere.

[0061] In other embodiments, the body and/or surface (20) of the semiconductor
is free of thiols, sulfides, and/or sulfur-containing compounds. Alternatively, the
semiconductor body and/or surface (20) includes less than 1, less than 0.1, less than
0.05, or less than 0.01 weight percent of thiols, sulfides, and/or sulfur-containing
compounds based on a total weight of the semiconductor. Alternatively, the body
and/or surface (20) of the semiconductor may include less than 1, less than 0.1, less
than 0.05, or less than 0.01 mole percent of thiols, sulfides, and/or sulfur-containing

compounds based on a total molar weight of the semiconductor.
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Article Including the Semiconductor:

[0062] Referring back to the article introduced above, the article includes the
semiconductor that has the functionalized surface. The article is not particularly
limited and may be further defined as a solar cell module or array of modules, a solar-
powered water electrolysis device, an optoelectronic device, etc. The article may be
formed by any method known in the art and is not limited to any one particular
method of forming.

EXAMPLES
[0063] Three series of semiconductors having surfaces that are functionalized
are prepared according to the instant invention. Control samples of similar
semiconductors are also prepared. The control samples do not have surfaces that are
functionalized. The semiconductors in the first series include gallium phosphide. The
semiconductors in the second series include gallium arsenide. The semiconductors in
the third series include gallium nitride. The semiconductors of each series are
evaluated to determine various physical properties.

First Series of Semiconductors:

Evaluation of Halogenation:

[0064] n-type GaP(111) A and B semiconductor wafers (miscut < 0.5°, El-Cat)

are contacted with H»,SO4 for 30 seconds to etch their surfaces. Subsequently,
samples of the A and B wafers are submerged for 50 minutes in chlorobenzene
(Sigma Aldrich) saturated with PCls (Sigma Aldrich) at 90°C, and then rinsed with
neat chlorobenzene. Samples of the A and B wafers are then evaluated using C;; XP
spectroscopy. The results of this spectroscopy are set forth in Figure 2 and illustrate
that GaP(111)A wafers are selectively chlorinated. These results are also summarized

in Table 1 set forth immediately below:

TABLE 1
GaP(11DA GaP111)B
Wafers Wafers
Etched with H,SO, for 30 seconds Yes Yes
Exposed to PCl; at 90°C Yes Yes
Halogenation of the GaP Wafers Yes No

Evaluation of the Presence of Ga-C Bonding Using C;; XP Spectroscopy:
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[0065] Additional samples of the A wafers are also etched and halogenated as
described above. A portion of these samples are then immersed in a solution of
CH;MgClI at 165°C for 3 hours to functionalize the surfaces. After 3 hours, the
wafers are rinsed with THF and methanol (JT Baker). These wafers are representative
of the semiconductors instant invention. Another portion of these samples is not
immersed in the solution and represent control samples because they are not
functionalized.

[0066] The control samples and the wafers that are representative of the
semiconductors of this invention are then evaluated using C;; XP spectroscopy. The
results of these evaluations are set forth in Figure 4 and suggest bonding between
gallium and carbon of the semiconductors of this invention as evidenced by the
shoulder at 282.7 eV. Accordingly, these results indicate that the functionalization of
the semiconductors according to this invention is successful. These results are also

summarized in Table 2 below.

TABLE 2

Control Inventive

Samples Samples
Etched with H,SO4 for 30 seconds Yes Yes
Exposed to PCl;s at 90°C Yes Yes
Halogenation of the Samples Yes Yes
Exposure to Solution of CH;MgCl No Yes
Shoulder at 282.7 eV in XPS No Yes
Presence of Ga-C Bonding No Yes

Evaluation of Effectiveness of Alkylation and Degree of Oxidation Using P, XP

Spectroscopy:

[0067] Control samples of the A wafers, etched as described above, are exposed
to ambient conditions for 75 minutes. Samples of the A wafers that are etched and
halogenated and functionalized with either CH3;MgCl or CisH3;MgCl are also
exposed to ambient conditions for 75 minutes. Both before and after exposure to
ambient conditions, the aforementioned samples are evaluated to determine the
effectiveness of alkylation and a degree of oxidation using high resolution P, XP
spectra. As set forth in Figures 5, the P,, XP spectra illustrate a difference in
susceptibility of samples towards oxidation. Signals observed at binding energies

between about 132 and 136 eV are diagnostic of surface POy and are used to
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quantitatively assess a rate of surface oxidation resulting from exposure to ambient
conditions.

[0068] As shown in Figure 6, control samples etched with H,SO4 and reacted
with laboratory air exhibit rapid formation of oxide on a time scale of minutes.
Additionally, wafers whose surfaces are functionalized with CH3;MgCl1 exhibit a lower
rate of oxide formation, with an estimated oxide layer thickness less than half that
observed at a native surface after 1 hr. Further, wafers whose surfaces are
functionalized with C;3H3;;MgCl exhibit an even greater resistance against oxide
formation and exhibit less than 0.1 + 0.04 nm of surface PO, after 80 minutes.
Without intending to be bound by any particular theory, it is believed that steric
blocking effects imparted by grafted alkyl groups result in a kinetic inhibition of
oxide formation. After functionalization with CH3MgCl, residual Cl is apparent in the
XP spectra. These signatures are removed after additional sonication in CH3OH for 2
minutes without alteration of a low binding energy shoulder in the high resolution Cy,
XP spectra or perturbation of observable wetting properties. These results are also

summarized in Table 3 below.

TABLE 3

Control Inventive Inventive

Samples Sample 1 Sample 2
Etched with H,SO4 for 30 seconds Yes Yes Yes
Exposed to PCl;s at 90°C No Yes Yes
Halogenation of the Samples No Yes Yes
Exposure to Solution of CH3;MgCl No Yes No

Exposure to Solution of
C,sHyMgCl No No Yes
Resistance to andatlon After 75 No Yes Yes
Minutes

Evaluation of Wetting Character — Determination of Wetting Contact Angles (0):

[0069] The control samples described above (etched but not halogenated or
functionalized) and samples of the functionalized wafers (functionalized with
CH;MgCl or Cy3sH37;MgCl) described above are also evaluated to determine an
amount of alkylation resulting from reaction with the Grignard reagent. More
specifically, each of the samples is wet with water to form droplets thereon. The
Wetting Contact Angles (0) of the droplets are then measured to determine an

amount of water beading that occurs. The Wetting Contact Angles are measured
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using a CAM 100 optical contact angle meter (KSV instrument, Helsinki, Finland).
More specifically, 2.2 pul. water droplets are dispensed onto each of the samples to
determine Wetting Contact Angles which are recorded and analyzed using a KSV
software analysis package. In these evaluations, a higher Wetting Contact Angle
indicates a more spherical water bead, as illustrated in Figures 3A-3C, resulting
from an increased hydrophobicity of the surfaces indicating a higher degree of
alkylation/functionalization from reaction with the Grignard reagent.
[0070] Relative to the control samples, the water droplets have a Wetting
Contact Angle of about 19.9° + 0.9°, as illustrated in Figure 3A, representing no
functionalization. Relative to the wafers whose surfaces are functionalized with
CH;MgCl, the water droplets have a Wetting Contact Angle of about 67° + 4°, as
illustrated in Figure 3B. Relative to the wafers whose surfaces are functionalized
with C1sH37;MgCl, the water droplets have a Wetting Contact Angle of about 119° +
6°, as illustrated in Figure 3C. In still other evaluations, control samples are
immersed in a THF solution in the absence of any Grignard reagent and
subsequently wet with water droplets. In these evaluations, the water droplets have
a Wetting Contact Angle of < 40°, thus also representing no functionalization
through reaction with Grignard reagents.
[0071] Each of the aforementioned samples is reevaluated for Wetting Contact
Angle after 42 days of exposure to ambient conditions on a bench top. In each
case, wherein the surfaces of the wafers are functionalized, the Wetting Contact
Angles remain high. The results of these evaluations suggest that when the
surfaces of the wafers are functionalized with CH;MgCl and/or C;gH3;;MgCl, a
tightly-packed monolayer of (long) chain alkanes is formed and that the
functionalized semiconductor is stable. These results are also summarized in Table
4 below.

TABLE 4

Control Inventive | Inventive
Samples Sample 1 | Sample 2

Etched with H,SO4 for 30 seconds Yes Yes Yes
Exposed to PCl;s at 90°C No Yes Yes
Halogenation of the Samples No Yes Yes
Exposure to Solution of CH;MgCl No Yes No
Exposure to Solution of C;sH3;MgCl No No Yes

Initial Wetting Contact Angle (°) 19.9° £ 67° £4° 119° £ 6°
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0.9°
Wetting Contact Angle (°) After 42 Days < 40° > 40° > 100°

Evaluation of Current-Voltage Responses (J-V) of n-GaP(111)A/Hg Contacts:

[0072] The control samples and the functionalized wafers are also connected
to Hg contacts and evaluated to determine a current-voltage response. As shown in
Figure 7, an additional 400 mV is needed to achieve the same forward bias current
density after functionalization with C;gH3;-groups, suggesting a suppression of
electron flow across interfaces due to alkylation of GaP(111)A. The responses
are consistent across multiple devices and are insensitive to prior exposure of
GaP interfaces to ambient conditions, suggesting an absence of macroscopic holes in
a surface formed by alkyl groups attached to the GaP(111)A from reaction with the
Grignard reagents. This data suggests that stable GaP metal-insulator-semiconductor
(MIS) junctions can be formed using an organic insulating layer from reaction with
the Grignard reagents. A consequence of decreased majority-carrier current flow in
MIS devices is typically an enhancement of a photoresponse relative to standard
Schottky junctions. Thus, the data suggest that a wet-chemical route for increasing
photovoltage attainable with GaP is attainable and successful using the instant
invention.

Second Series of Semiconductors:

Evaluation of Halogenation:

[0073] n-type GaAs(111) A and B semiconductor wafers (miscut < 0.5°, El-Cat)

are contacted with H»,SO4 for 30 seconds to etch their surfaces. Subsequently,
samples of the A and B wafers are submerged for 50 minutes in ether saturated with
HCl at 25°C, and then rinsed with neat ether. Samples of the A and B wafers are then
evaluated using C;; XP spectroscopy. 'The results of this spectroscopy are set forth in
Figure 8 and illustrate that GaAs(111)A wafers are selectively chlorinated. These

results are also summarized in Table 5 set forth immediately below:

TABLE 5
GaAs(111DA GaAs(111)B
Wafers Wafers
Etched with H,SO, for 30 seconds Yes Yes
Exposed to HCI in ether at 25°C Yes Yes
Halogenation of the GaAs Wafers Yes No
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Evaluation of the Presence of Ga-C Bonding Using C;; XP Spectroscopy:

[0074] Additional samples of the A wafers are also etched and halogenated as
described above. A portion of these samples are then immersed in a solution of
C1sH37MgClI at 165°C for 3 hours to functionalize the surfaces. After 3 hours, the
wafers are rinsed with THF and methanol (JT Baker). These wafers are representative
of the semiconductors instant invention. Another portion of these samples is not
immersed in the solution and represent control samples.

[0075] The control samples and the wafers that are representative of the
semiconductors of this invention are then evaluated using C;; XP spectroscopy. The
results of these evaluations are set forth in Figures 9. Figure 9A illustrates that the Cy,
peak of GaAs is convoluted by As Auger peaks. However, Figure 9B, which is of
higher resolution, shows the C;s peak of GaAs. Accordingly, these results indicate
that the functionalization of the semiconductors according to this invention is

successful. These results are also summarized in Table 6 below.

TABLE 6

Control Inventive

Samples Samples
Etched with H,SO4 for 30 seconds Yes Yes
Exposed to HCI in ether at 25°C Yes Yes
Halogenation of the Samples Yes Yes
Exposure to Solution of C;sH3;MgCl No Yes
Presence of Ga-C Bonding No Yes

Evaluation of Effectiveness of Alkylation and Degree of Oxidation Using P, XP

Spectroscopy:

[0076] Control samples of the A wafers, etched as described above, are exposed
to ambient conditions for 75 minutes. Samples of the A wafers that are etched and
halogenated and functionalized with C;gH3;MgCl are also exposed to ambient
conditions for 75 minutes. Both before and after exposure to ambient conditions, the
aforementioned samples are evaluated to determine the effectiveness of alkylation and
a degree of oxidation using high resolution As3q XP spectra. As set forth in Figures
11, the Assq XP spectra illustrate a difference in susceptibility of samples towards
oxidation. Signals observed at binding energies between about 44 and 48 eV are
diagnostic of surface AsOy and are used to quantitatively assess a rate of surface

oxidation resulting from exposure to ambient conditions.
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[0077] As shown in Figure 11, control samples etched with HSO4 and reacted
with laboratory air exhibit rapid formation of oxide on a time scale of minutes.
Additionally, wafers whose surfaces are functionalized with C;3H;;MgCl exhibit a

lower rate of oxide formation. These results are also summarized in Table 7 below.

TABLE 7

Control Inventive

Samples Samples
Etched with H,SO, for 30 seconds Yes Yes
Exposed to HCI in ether at 25°C No Yes
Halogenation of the Samples No Yes
Exposure to Solution of C;sH3;MgCl No Yes
Resistance to Oxidation After 75 Minutes No Yes

Evaluation of Wetting Character — Determination of Wetting Contact Angles (6):

[0078] The control samples described above (etched but not halogenated or
functionalized) and samples of the functionalized wafers (functionalized with
CgH;7MgCl, C14Hy9MgCl, or C3H3;MgCl) using the process described above are
also evaluated to determine an amount of alkylation resulting from reaction with
the Grignard reagent. More specifically, each of the samples is wet with water to
form droplets thereon. The Wetting Contact Angles (0) of the droplets are then
measured to determine an amount of water beading that occurs, according to the
process described above.

[0079] Relative to the control samples, the water droplets have a Wetting
Contact Angle of about 45° + 4°, as illustrated in Figure 10A, representing no
functionalization. Relative to the wafers whose surfaces are functionalized with
CgH;7MgCl, the water droplets have a Wetting Contact Angle of about 85° + 5°, as
illustrated in Figure 10B. Relative to the wafers whose surfaces are functionalized
with Cy4H,9MgCl, the water droplets have a Wetting Contact Angle of about 99° +
4°, as illustrated in Figure 10C. Relative to the wafers whose surfaces are
functionalized with Ci3sH37;MgCl, the water droplets have a Wetting Contact Angle
of about 107° £ 11°, as illustrated in Figure 10D. These results are also summarized

in Table 8 below. Additional results are summarized in Figure 10E.
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TABLE 8
Control Inventive Inventive Inventive
Samples Sample 1 Sample 2 Sample 3
Etched with HzSO4 Yes Yes Yes Yes
for 30 seconds
Exposed to HCl in
ether at 25°C No Yes Yes Yes
Halogenation of the No Yes Yes Yes
Samples
Exposure to
Solution of No Yes No No
C8H17MgCl
Exposure to
Solution of No No Yes No
C14H29MgCl
Exposure to
Solution of No No No Yes
C18H37MgCl
Initial Wetting
45° + 4° °+5° °+4° 107° £ 11°
Contact Angle (°) > 857 %3 2 0

Evaluation of Current-Voltage Responses (J-V) of n-GaAs(111)A/Hg Contacts:

[0080] The control samples and the functionalized wafers are also connected to Hg
contacts and evaluated to determine a current-voltage response. As shown in Figure
13, more negative potential is required to drive current through the functionalized
surfaces indicating a chemically defined dielectric has been systematically introduced
to the semiconductor.

Evaluation of Electrical Stability:

[0081] Additional samples of wafers are functionalized, but not according to the
instant invention. More specifically, these additional samples are thiolated such that a
sulfur atom is directly bonded to the gallium atom of GaAs. Even more specifically,
the surfaces of these samples are functionalized to include CigH3;S-GaAs. These
samples are then evaluated to determine electrical stability as compared to
functionalized (CsHs7-GaAs) wafers of this invention. The electrical stability is
determined through repetitive current-voltage scans. The results of this evaluation are
set forth in Figure 14 and show that the slow for the functionalized wafers of this
invention is about 8.7x10™*V while the slope for the thiolated wafers is about 3.3x10°
V. This suggests that the functionalized surfaces of the wafers of this invention are

more stable to passage of current than the comparative samples.
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Evaluation of Resistance to Surface Oxidation:

[0082] Samples of the wafers of this invention (GaP(111)A and GaAs(111)A, each

functionalized with CigH37) are evaluated to determine their resistance to oxidation.
Comparative samples (GaP(111)A and GaAs(111)A, each etched but not
functionalized) are also evaluated to determine their resistance to oxidation. More
specifically, each of the aforementioned samples are exposed to the heated solvent for
approximately 90 minutes. Over this time period, the overlayer oxidation thickness
(nm) is determined as a function of time. The results of these evaluations are set forth
in Figure 12. The results clearly demonstrate that the wafers of this invention are
more resistant to surface oxidation.

Third Series of Semiconductors:

Evaluation of Halogenation:

[0083] (GaN(0001) semiconductor wafers are contacted with KOH for 1 minute
at 70°C to etch their surfaces. Subsequently, some of the wafers are submerged for 50
minutes in chlorobenzene saturated with PCls for 50 minutes at 90°C, and then rinsed
with neat chlorobenzene. The samples that are only etched serve as control samples.
The wafers are then evaluated using C;; XP spectroscopy. The results of this
spectroscopy are set forth in Figure 15 and illustrate that GaN(0001) wafers are
chlorinated.

Evaluation of the Presence of Ga-C Bonding Using C;; XP Spectroscopy:

[0084] Additional samples of wafers are also etched and halogenated as
described above. A portion of these samples is then immersed in a solution of
FCsH4MgBr at 165°C for 3 hours to functionalize the surfaces. After 3 hours, the
wafers are rinsed with THF and methanol (JT Baker). These wafers are representative
of the semiconductors instant invention. Another portion of these samples is not
immersed in the solution and represent control samples.

[0085] The control samples and the wafers that are representative of the
semiconductors of this invention are then evaluated using XP spectroscopy. 'The
results of these evaluations are set forth in Figure 16. These Figures show peaks
corresponding to I and C, thereby indicating that bonding between then carbon atom
of the FCsH,4 and the gallium is successful.

Summary of the Examples and Results:
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[0086] The aforementioned examples and results demonstrate that surfaces of
semiconductors that include Group III element atoms can be effectively
functionalized using a variety of methods and Grignard reagents. Moreover, once
functionalized, the surfaces effectively resist oxidation. The results also suggest that
longer alkyl chains provide increased resistance to oxidation. The data also suggests
that for GaAs, organic groups that are introduced via Ga-C bonding are more stable
towards the passage of current than analogous thiol products. Further, the
aforementioned examples and results demonstrate that surfaces can be chemically
tailored using chemistry that does not involve attachment at, or through, surface
oxides.

[0087] It is to be understood that any of the numerical values associated with this
invention, e.g. molecular weight ranges, ratios, etc., are not particularly limiting and
may vary, so long as they vary in a way consistent with the scope of this invention.
For example, any of the aforementioned numerical values may be further defined as
any value or range of values, both whole and fractional, within those ranges and
values described above and/or may vary from the values and/or range of values
described above by + 5%, + 10%, = 15%, £ 20%, + 25%, + 30%, etc.

[0088] It is also to be understood that the appended claims are not limited to express
and particular compounds, compositions, or methods described in the detailed
description, which may vary between particular embodiments which fall within the
scope of the appended claims. With respect to any Markush groups relied upon
herein for describing particular features or aspects of various embodiments, it is to be
appreciated that different, special, and/or unexpected results may be obtained from
each member of the respective Markush group independent from all other Markush
members. Each member of a Markush group may be relied upon individually and or
in combination and provides adequate support for specific embodiments within the
scope of the appended claims.

[0089] It is further to be understood that any ranges and subranges relied upon in
describing various embodiments of the present invention independently and
collectively fall within the scope of the appended claims, and are understood to
describe and contemplate all ranges including whole and/or fractional values therein,
even if such values are not expressly written herein. One of skill in the art readily

recognizes that the enumerated ranges and subranges sufficiently describe and enable
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various embodiments of the present invention, and such ranges and subranges may be
further delineated into relevant halves, thirds, quarters, fifths, and so on. As just one
example, a range “of from 0.1 to 0.9” may be further delineated into a lower third,
i.e., from 0.1 to 0.3, a middle third, i.e., from 0.4 to 0.6, and an upper third, i.e., from
0.7 to 0.9, which individually and collectively are within the scope of the appended
claims, and may be relied upon individually and/or collectively and provide adequate
support for specific embodiments within the scope of the appended claims. In

addition, with respect to the language which defines or modifies a range, such as “at

N1 20 ce

least,” “greater than,” “less than,” “no more than,” and the like, it is to be understood
that such language includes subranges and/or an upper or lower limit. As another
example, a range of “at least 10” inherently includes a subrange of from at least 10 to
35, a subrange of from at least 10 to 25, a subrange of from 25 to 35, and so on, and
each subrange may be relied upon individually and/or collectively and provides
adequate support for specific embodiments within the scope of the appended claims.
Finally, an individual number within a disclosed range may be relied upon and
provides adequate support for specific embodiments within the scope of the appended
claims. Tor example, a range “of from 1 to 9” includes various individual integers,
such as 3, as well as individual numbers including a decimal point (or fraction), such
as 4.1, which may be relied upon and provide adequate support for specific
embodiments within the scope of the appended claims.

[0090] The invention has been described in an illustrative manner, and it is to be
understood that the terminology which has been used is intended to be in the nature of
words of description rather than of limitation. Many modifications and variations of

the present invention are possible in light of the above teachings, and the invention

may be practiced otherwise than as specifically described.



WO 2011/103187 PCT/US2011/025079

29
CLAIMS
What is claimed is:
1. A semiconductor that has a functionalized surface that is resistant to

oxidation, said functionalized surface comprising a plurality of atoms of a Group III
element bonded to organic groups, wherein said functionalized surface has less than
or equal to about 1 atom of said Group III element bonded to an oxygen atom per
every 1,000 atoms of said Group III element bonded to said organic groups, as
determined using X-ray photoelectron spectroscopy.

2. A semiconductor as set forth in claim 1 wherein at least some of said
plurality of atoms of said Group III element are covalently bonded to a Group V
element.

3. A semiconductor as set forth in claim 2 wherein said Group V element
is selected from the group consisting of nitrogen, phosphorous, and arsenic.

4. A semiconductor as set forth in any one of claims 1-3 wherein said
Group III element is further defined as gallium.

5. A semiconductor as set forth in any one of claims 1-3 wherein said
Group III element is further defined as indium.

6. A semiconductor as set forth in any one of claims 1-3 wherein said
Group III element is further defined as aluminum.

7. A semiconductor as set forth in any one of claims 1-6 wherein at least
one organic group is a substituted or unsubstituted alkyl or aryl group having from 1
to 50 carbon atoms.

8. A semiconductor as set forth in any one of claims 1-6 wherein at least
one organic group is a substituted or unsubstituted alkyl or aryl group having from 3
to 18 carbon atoms.

9. A semiconductor as set forth in any one of claims 1-6 wherein at least
one organic group is a substituted or unsubstituted alkyl or aryl group having from 16
to 18 carbon atoms.

10. A semiconductor as set forth in claim 2 wherein said Group III element
is further defined as gallium, said Group V metal is further defined as phosphorous, at
least a portion of said surface is further defined as a 111(A) crystalline plane, and at
least one organic group is an unsubstituted alkyl group having from 16 to 18 carbon

atoms.
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11. A semiconductor as set forth in any one of claims 1-10 wherein said
organic groups are bonded to said plurality of atoms of said Group III element via
reaction with a Grignard reagent.

12. A method of functionalizing a surface of a semiconductor to resist
oxidation, wherein the surface comprises a plurality of atoms of a Group III element
bonded to organic groups after functionalization of the surface, said method
comprising the steps of:

A. halogenating at least one of the plurality of atoms of the Group
III element to form halogenated Group III element atoms;

B. reacting at least one of the halogenated atoms of the Group I
element with a Grignard reagent to form a bond between the at least one atoms of the
Group III element and the organic groups and functionalize the surface of the
semiconductor to resist oxidation.

13. A method as set forth in claim 12 further comprising the step of
etching the surface with sulfuric acid.

14. A method as set forth in claim 13 wherein at least some of the plurality
of atoms of the Group III element are covalently bonded to phosphorous and said step
of halogenating is further defined as reacting at least one of the plurality of atoms of
the Group III element with PCls.

15. A method as set forth in claim 13 wherein at least some of the plurality
of atoms of the Group III element are covalently bonded to arsenic and said step of
halogenating is further defined as reacting at least one of the plurality of atoms of the
Group III element with HCI in ether.

16. A method as set forth in claim 12 further comprising the step of
etching the surface with an alkaline metal hydroxide.

17. A method as set forth in claim 16 wherein at least some of the plurality
of atoms of the Group III element are covalently bonded to nitrogen and said step of
halogenating is further defined as reacting at least one of the plurality of atoms of the
Group III element with PCls.

18. A method as set forth in any one of claims 12-17 wherein at least some
of the plurality of atoms of the Group III element are covalently bonded to nitrogen,

phosphorous, or arsenic.
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19. A method as set forth in any one of claims 12-18 wherein the Group I
element is further defined as gallium.

20. A method as set forth in any one of claims 12-18 wherein the Group I
element is further defined as indium.

21. A method as set forth in any one of claims 12-18 wherein the Group I
element is further defined as aluminum.

22. A method as set forth in any one of claims 12-21 wherein the Grignard
reagent has the chemical formula R-M-X wherein R is a substituted or unsubstituted
alkyl or aryl group having from 1 to 50 carbon atoms, M is an alkaline or alkaline
earth metal, and X is a halide.

23. A method as set forth in claim 22 wherein R is an alkyl group having
from 3 to 18 carbon atoms.

24. A method as set forth in claim 22 wherein R is an alkyl group having
from 16 to 18 carbon atoms

25. A method as set forth in any one of claims 12-18 or 22-24 wherein the
Group III element is further defined as gallium and at least a portion of the surface is
further defined as a 111(A) crystalline plane.

26. A method as set forth in any one of claims 12-18 wherein the Group I
element is further defined as gallium, at least a portion of the surface is further
defined as a 111(A) crystalline plane, and the Grignard reagent has the chemical
formula R-M-X wherein R is a substituted or unsubstituted alkyl or aryl group having
from 3 to 18 carbon atoms, M is an alkaline or alkaline earth metal, and X is a halide,
and wherein the surface has less than or equal to about 1 atom of the Group III
element bonded to an oxygen atom per every 1,000 atoms of the Group III element
bonded to the organic groups after functionalization, as determined using X-ray
photoelectron spectroscopy.

27. A method as set forth in any one of claims 12-25 wherein the surface
has less than or equal to about 1 atom of the Group III element bonded to an oxygen
atom per every 1,000 atoms of the Group III element bonded to the organic groups
after functionalization, as determined using X-ray photoelectron spectroscopy.

28. An article comprising a semiconductor that has a functionalized
surface that is resistant to oxidation, said functionalized surface comprising a plurality

of atoms of a Group III element bonded to organic groups, wherein said
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functionalized surface has less than or equal to about 1 atom of said Group III element
bonded to an oxygen atom per every 1,000 atoms of said Group III element bonded to
said organic groups, as determined using X-ray photoelectron spectroscopy.

29. An article as set forth in claim 28 wherein at least some of said
plurality of atoms of said Group III element is covalently bonded to nitrogen,
phosphorous, or arsenic.

30. An article as set forth in claim 28 or 29 wherein said Group III element
is further defined as gallium.

31. An article as set forth in claim 28 or 29wherein said Group III element
is further defined as indium.

32. An article as set forth in claim 28 or 29wherein said Group III element
is further defined as aluminum.

33. An article as set forth in any one of claims 28-32 wherein at least one
organic group is a substituted or unsubstituted alkyl or aryl group having from 1 to 50
carbon atoms.

34. An article as set forth in any one of claims 28-32 wherein at least one
organic group is a substituted or unsubstituted alkyl or aryl group having from 3 to 18
carbon atoms.

35. An article as set forth in any one of claims 28-32 wherein at least one
organic group is a substituted or unsubstituted alkyl or aryl group having from 16 to
18 carbon atoms.

36. An article as set forth in claim 28 wherein said Group III element is
further defined as gallium, at least some of said plurality of atoms of said Group III
element are covalently bonded to phosphorous, at least a portion of said surface is
further defined as a 111(A) crystalline plane, and at least one organic group is an
unsubstituted alkyl group having from 16 to 18 carbon atoms.

37. An article set forth in any one of claims 28-36 that is further defined as

a solar-powered water electrolysis device.
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