
CYCLOPAMINE ANALOGS RELATED APPLICATIONS [0001] This
application claims priority to USSN 60/878,018, filed
December 28, 2006, and USSN 60/941,596, filed June 1,
2007, both of which are hereby incorporated by
reference in their entirety. BACKGROUND OF THE
INVENTION [0002] The present invention generally
relates to cyclopamine analogs and pharmaceutical
compositions thereof, and methods for preparing such
analogs and compositions. These compounds and
compositions are useful for the treatment of disorders
mediated by the hedgehog pathway, such as cancer.
[0003] Inhibition of the hedgehog pathway in certain
cancers has been shown to result in inhibition of
tumor growth. For example, anti-hedgehog antibodies
have been shown to antagonize the function of the
hedgehog pathway and inhibit the growth of tumors.
Small molecule inhibition of hedgehog pathway activity
has also been shown to result in cell death in a
number of cancer types. [0004] Research in this area
has focused primarily on the elucidation of hedgehog
pathway biology and the discovery of new hedgehog
pathway inhibitors. Although inhibitors of the
hedgehog pathway have been identified, there still
exists the need to identify more potent inhibitors of
the hedgehog pathway. [0005] PCT publication WO
2006/026430 published 9 March 2006 and assigned to the
same assignee as the present application, discloses a
wide variety of cyclopamine analogs, focusing on those
with unsaturation in the A or B ring. In the present
application, the surprisingly potent analogs contain
completely saturated A and B rings. SUMMARY OF THE
INVENTION [0006] The present invention relates to
analogs of steroidal alkaloids, such as cyclopamine,
pharmaceutical compositions containing these
compounds, and methods for preparing these compounds.
In one embodiment, the present invention relates to a
compound represented by the following structure:or a
pharmaceutically acceptable salt thereof; wherein R1
is H, alkyl, -OR, amino, sulfonamido, sulfamido,
-OC(O)R5, - N(R5)C(O)R5, or a sugar; R2 is H, alkyl,
alkenyl, alkynyl, aryl, cycloalkyl, nitrile, or
heterocycloalkyl; or R1 and R2 taken together form =0,
=S, =N(0R), =N(R), =N(NR2), =C(R)2; R3 is H, alkyl,
alkenyl, or alkynyl; R4 is H, alkyl, alkenyl, alkynyl,
aryl, cycloalkyl, heterocycloalkyl, aralkyl,
heteroaryl, heteroaralkyl, haloalkyl, -OR5, -C(O)R5,
-CO2R5, -SO2R5, -C(O)N(R5)(R5), -[C(R)2]q-R5,
-[(W)-N(R)C(0)] qR5, -[(W)-C(0)] qR5, -[(W)-C(0)0]
qR5, -[(W)-0C(0)] qR5, -[(W)-SO2]qR5,
-[(W)-N(R5)SO2]qR5, -[(W)-C(O)N(R5)]qR5, -[(W)-0] qR5,
-[(W)-N(R)]qR5, -W-NR5 +X or -[(W)-S]qR5; wherein each
W is independently a diradical; each q is
independently 1, 2, 3, 4, 5, or 6; X is a halide; each
R5 is independently H, alkyl, alkenyl, alkynyl, aryl,
cycloalkyl, heterocycloalkyl, aralkyl, heteroaryl,
heteroaralkyl or -[C(R)2]P-R6; wherein p is 0-6; or
any two occurrences of R5 can be taken together to
form a 4-8 membered optionally substituted ring which
contains 0-3 heteroatoms selected from N, O, S, and P;
each R6 is independently hydroxyl, -N(R)COR,
-N(R)C(O)OR, -N(R)SO2(R), -C(O)N(R)2, -OC(O)N(R)(R),
-SO2N(R)(R), -N(R)(R), -COOR, -C(O)N(OH)(R),
-OS(O)2OR, -S(O)2OR, -OP(O)(OR)(OR), -NP(O)(OR)(OR),
or -P(O)(OR)(OR); and each R is independently H,
alkyl, alkenyl, alkynyl, aryl, cycloalkyl or aralkyl;
provided that when R2, R3, and R4 are H; R1 is not
hydroxyl or a sugar; further provided that when R4 is
hydroxyl, then R1 is not a sugar or hydroxyl, and R1
and R2 are not C=O.[0007] In certain embodiments, R1
is H, hydroxyl, alkoxyl, aryloxy, or amino. In other
embodiments, R1 and R2 taken together along with the
carbon to which they are bonded, form =0, =N(0R), or
=S. In other embodiments, R3 is H and/or R4 is H,
alkyl, hydroxyl, aralkyl, -[C(R)2]q-R5,
-[(W)-N(R)C(0)] qR5, -[(W)-N(R)SO2]qR5,
-[(W)-C(0)N(R)] qR5, -[(W)-0] qR5, -[(W)-C(0)] qR5, or
-[(W)-C(0)0] qR5. In other embodiments, R1 is H or
-OR, R2 is H or alkyl, and R4 is H. In others, R2 is H
or alkyl, R3 is H, alkyl, alkenyl, alkynyl, aryl,
cycloalkyl, heterocycloalkyl, or aralkyl; and/or R4 is



H, alkyl, aralkyl, -[(W)-N(R)C(0)] qR5,
-[(W)-N(R)SO2]qR5, -[(W)-C(0)N(R)] qR5, -[(W)-0] qR5,
-[(W)-C(0)] qR5, or -[(W)-C(0)0] qR5. In other
embodiments, R1 is sulfonamide [0008] In another
embodiment, the present invention relates to a
compound selected from the group consisting of:METHODS
OF USE FOR CYCLOPAMINE ANALOGS Related Applications
[0001] This application claims priority to U.S. Serial
No. 60/878,018, filed 28 December 2006, and U.S.
Serial No. 60/941,596, filed 1 June 2007, both of
which are hereby incorporated by reference in their
entirety. Government Funding [0002] Some of the work
described herein was done with government support
under grant number K23 CA107040, awarded by the
NIH/NCI. The government may have certain rights in the
invention. Background of the Invention [0003] The
present invention generally relates to methods for
antagonizing the hedgehog pathway and for treating
various conditions using cyclopamine analogs. [0004]
Inhibition of the hedgehog pathway in certain cancers
has been shown to result in inhibition of tumor
growth. For example, anti-hedgehog antibodies have
been shown to antagonize the function of the hedgehog
pathway and inhibit the growth of tumors. Small
molecule inhibition of hedgehog pathway activity has
also been shown to result in cell death in a number of
cancer types. [0005] Research in this area has focused
primarily on the elucidation of hedgehog pathway
biology and the discovery of new hedgehog pathway
inhibitors. Although inhibitors of the hedgehog
pathway have been identified, there still exists the
need to identify more potent inhibitors of the
hedgehog pathway. [0006] PCT publication WO
2006/026430 published 9 March 2006 and assigned to the
same assignee as the present application, discloses a
wide variety of cyclopamine analogs, focusing on those
with unsaturation in the A or B ring. In the present
application, the surprisingly potent analogs contain
completely saturated A and B rings.Summary of the
Invention [0007] The present invention relates to
methods for treating hyperproliferative disorders and
conditions mediated by the hedgehog pathway. [0008] In
one aspect, the invention relates to a method for
treating a hyperproliferative disorder. The method
includes administering to a subject an effective
amount of a compound having the formula: or a
pharmaceutically acceptable salt thereof; where R1 is
H, alkyl, -OR, amino, sulfonamido, sulfamido,
-OC(O)R5, -N(R5)C(O)R5, or a sugar; R2 is H, alkyl,
alkenyl, alkynyl, aryl, cycloalkyl, nitrile, or
heterocycloalkyl; or R1 and R2 taken together form =0,
=S, =N(0R), =N(R), =N(NR2), =C(R)2; R3 is H, alkyl,
alkenyl, or alkynyl; R4 is H, alkyl, alkenyl, alkynyl,
aryl, cycloalkyl, heterocycloalkyl, aralkyl,
heteroaryl, heteroaralkyl, haloalkyl, -OR5, -C(O)R5,
-CO2R5, -SO2R5, -C(O)N(R5)(R5), -[C(R)2]q-R5,
-[(W)-N(R)C(0)] qR5, -[(W)-C(0)] qR5, -[(W)-C(0)0]
qR5, -[(W)-0C(0)] qR5, -[(W)-SO2]qR5,
-[(W)-N(R5)SO2]qR5, -[(W)-C(O)N(R5)]qR5, -[(W)-0] qR5,
-[(W)-N(R)]qR5, -W-NR5 +X or -[(W)-S]qR5; where each W
is independently for each occurrence a diradical; each
q is independently for each occurrence 1, 2, 3, 4, 5,
or 6; X is a halide; each R is independently H, alkyl,
alkenyl, alkynyl, aryl, cycloalkyl or aralkyl; each R
is independently for each occurrence H, alkyl,
alkenyl, alkynyl, aryl, cycloalkyl, heterocycloalkyl,
aralkyl, heteroaryl, heteroaralkyl or -[C(R)2]P-R6;
wherein p is 0-6; orwhere any two occurrences of R5 on
the same substituent can be taken together to form a
4-8 membered optionally substituted ring which
contains 0-3 heteroatoms selected from N, O, S, and P;
each R6 is independently hydroxyl, -N(R)COR,
-N(R)C(O)OR, -N(R)SO2(R), -C(O)N(R)2, -OC(O)N(R)(R),
-SO2N(R)(R), -N(R)(R), -COOR, -C(O)N(OH)(R),
-OS(O)2OR, -S(O)2OR, -OP(O)(OR)(OR), -NP(O)(OR)(OR),
or -P(O)(OR)(OR). In some embodiments, when R2, R3,
and R4 are H; R1 is not hydroxyl or a sugar. 



In some embodiments, when R4 is hydroxyl, then R1 is
not a sugar or hydroxyl, and R1 and R2 together are
not C=O. In some embodiments, R1 is sulfonamide [0009]
The condition can be selected from the group
consisting of skin cancers, cancers of the central
nervous system, cancers of the gastrointestinal tract,
cancers of the pulmonary system, genitourinary
cancers, breast cancer, hepatocellular cancer, brain
cancers, and cancers of the hematopoietic system.
[0010] In another aspect, the invention relates to a
method of treating a condition mediated by the
hedgehog pathway. The method includes administering to
a subject an effective amount of a compound having the
formula: or a pharmaceutically acceptable salt
thereof; where R1 is H, alkyl, -OR, amino,
sulfonamido, sulfamido, -OC(O)R5, - N(R5)C(O)R5, or a
sugar; R2 is H, alkyl, alkenyl, alkynyl, aryl,
cycloalkyl, nitrile, or heterocycloalkyl; or R1 and R2
taken together form =0, =S, =N(0R), =N(R), =N(NR2),
=C(R)2; R3 is H, alkyl, alkenyl, or alkynyl; R4 is H,
alkyl, alkenyl, alkynyl, aryl, cycloalkyl,
heterocycloalkyl, aralkyl, heteroaryl, heteroaralkyl,
haloalkyl, -OR5, -C(O)R5, -CO2R5, -SO2R5,
-C(O)N(R5)(R5), -[C(R)2]q-R5, -[(W)-N(R)C(0)] qR5,
-[(W)-C(0)] qR5, -[(W)-C(0)0] qR5, -[(W)-0C(0)]
qR5,-[(W)-SO2]qR5, -[(W)-N(R5)SO2]qR5,
-[(W)-C(O)N(R5)]qR5, -[(W)-O]qR5, -[(W)-N(R)]qR5,
-W-NR5 +X or -[(W)-S]qR5; where each W is
independently for each occurrence a diradical; each q
is independently for each occurrence 1, 2, 3, 4, 5, or
6; X is a halide; each R is independently H, alkyl,
alkenyl, alkynyl, aryl, cycloalkyl or aralkyl; each R
is independently for each occurrence H, alkyl,
alkenyl, alkynyl, aryl, cycloalkyl, heterocycloalkyl,
aralkyl, heteroaryl, heteroaralkyl or -[C(R)2]P-R6;
wherein p is 0-6; or where any two occurrences of R on
the same substituent can be taken together to form a
4-8 membered optionally substituted ring which
contains 0-3 heteroatoms selected from N, O, S, and P;
each R6 is independently hydroxyl, -N(R)COR,
-N(R)C(O)OR, -N(R)SO2(R), -C(O)N(R)2, -OC(O)N(R)(R),
-SO2N(R)(R), -N(R)(R), -COOR, -C(O)N(OH)(R),
-OS(O)2OR, -S(O)2OR, -OP(O)(OR)(OR), -NP(O)(OR)(OR),
or -P(O)(OR)(OR). In some embodiments, when R2, R3,
and R4 are H; R1 is not hydroxyl or a sugar. In some
embodiments, when R4 is hydroxyl, then R1 is not a
sugar or hydroxyl, and R1 and R2 together are not C=O.
In some embodiments, R1 is sulfonamide [0011] The
condition can be selected from the group consisting of
skin cancers, cancers of the central nervous system,
cancers of the gastrointestinal tract, cancers of the
pulmonary system, genitourinary cancers, breast
cancer, hepatocellular cancer, brain cancers, and
cancers of the hematopoietic system. Specific examples
include small cell lung cancer, pancreatic cancer,
medulloblastoma, multiple myeloma, leukemia,
myelodysplastic syndrome, non-Hodgkin' s lymphoma, and
Hodgkin's disease. The compound may be administered
orally, intravenously, or topically. [0012] In another
aspect, the invention relates to a method of
antagonizing the hedgehog pathway in a subject. The
method includes administering to the subject an
effective amount of a compound having the formula:or a
pharmaceutically acceptable salt thereof; wherein R1
is H, alkyl, -OR, amino, sulfonamido, sulfamido,
-OC(O)R5, - N(R5)C(O)R5, or a sugar; R2 is H, alkyl,
alkenyl, alkynyl, aryl, cycloalkyl, nitrile, or
heterocycloalkyl; or R1 and R2 taken together form =0,
=S, =N(0R), =N(R), =N(NR2), =C(R)2; R3 is H, alkyl,
alkenyl, or alkynyl; R4 is H, alkyl, alkenyl, alkynyl,
aryl, cycloalkyl, heterocycloalkyl, aralkyl,
heteroaryl, heteroaralkyl, haloalkyl, -OR5, -C(O)R5,
-CO2R5, -SO2R5, -C(O)N(R5)(R5), -[C(R)2]q-R5,
-[(W)-N(R)C(0)] qR5, -[(W)-C(0)] qR5, -[(W)-C(0)0]
qR5, -[(W)-0C(0)] qR5, -[(W)-SO2]qR5,
-[(W)-N(R5)SO2]qR5, -[(W)-C(O)N(R5)]qR5, -[(W)-0] qR5,
-[(W)-N(R)]qR5, -W-NR5 +X or -[(W)-S]qR5; wherein each
W is independently for each occurrence a diradical;
each q is independently for each occurrence 1, 2, 3,
4, 5, or 6; 



X is a halide; each R is independently H, alkyl,
alkenyl, alkynyl, aryl, cycloalkyl or aralkyl; each R
is independently for each occurrence H, alkyl,
alkenyl, alkynyl, aryl, cycloalkyl, heterocycloalkyl,
aralkyl, heteroaryl, heteroaralkyl or -[C(R)2]P-R6;
wherein p is 0-6; or where any two occurrences of R on
the same substituent can be taken together to form a
4-8 membered optionally substituted ring which
contains 0-3 heteroatoms selected from N, O, S, and P;
each R6 is independently hydroxyl, -N(R)COR,
-N(R)C(O)OR, -N(R)SO2(R), -C(O)N(R)2, -OC(O)N(R)(R),
-SO2N(R)(R), -N(R)(R), -COOR, -C(O)N(OH)(R),
-OS(O)2OR, -S(O)2OR, -OP(O)(OR)(OR), -NP(O)(OR)(OR),
or -P(O)(OR)(OR). In some embodiments, when R2, R3,
and R4 are H; R1 is not hydroxyl or a sugar. In some
embodiments, when R4 is hydroxyl, then R1 is not a
sugar or hydroxyl, and R1 and R2 together are not
C=O.[0013] In the embodiments described above, the
compound may be selected from the group consisting
of:CHEMICAL LINKERS AND CLEAVABLE SUBSTRATES AND
CONJUGATES THEREOF CROSS-REFERENCE TO RELATED
APPLICATIONS This application claims priority of US
Provisional Patent Application No. 60/882,461 filed on
December 28, 2006, and US Provisional Patent
Application No. 60/991,300, filed November 30, 2007,
the benefits of which are hereby claimed under 35
U.S.C.  119 and the disclosures of which are herein
incorporated by reference in their entirety. FIELD OF
THE INVENTION The present invention provides linkers
and cleavable substrates that attach to a drug and a
ligand and are cleaved in vivo. The linkers and
cleavable substrates are of use in forming prodrugs
and conjugates of the cytotoxins of the invention as
well as other diagnostic and therapeutic moieties.
BACKGROUND OF THE INVENTION Many therapeutic agents,
particularly those that are especially effective in
cancer chemotherapy, often exhibit acute toxicity in
vivo, especially bone marrow and mucosal toxicity, as
well as chronic cardiac and neurological toxicity.
Such high toxicity can limit their applications.
Development of more and safer specific therapeutic
agents, particularly antitumor agents, is desirable
for greater effectiveness against tumor cells and a
decrease in the number and severity of the side
effects of these products (toxicity, destruction of
non-tumor cells, etc.). Another difficulty with some
existing therapeutic agents is their less than optimal
stability in plasma. Addition of functional groups to
stabilize these compounds resulted in a significant
lowering of the activity. Accordingly, it is desirable
to identify ways to stabilize compounds while
maintaining acceptable therapeutic activity levels.
The search for more selective cytotoxic agents has
been extremely active for many decades, the dose
limiting toxicity (i.e. the undesirable activity of
the cytotoxins on normal tissues) being one of the
major causes of failures in cancer therapy. For
example, CC-1065 and the duocarmycins are known to be
extremely potent cytotoxins.CC-1065 was first isolated
from Streptomyces zelensis in 1981 by the Upjohn
Company (Hanka et al, J. Antibiot. 31: 1211 (1978);
Martin et al, J. Antibiot. 33: 902 (1980); Martin et
al, J. Antibiot. 34: 1119 (1981)) and was found to
have potent antitumor and antimicrobial activity both
in vitro and in experimental animals (Li et al, Cancer
Res. 42: 999 (1982)). CC-1065 binds to double-
stranded B-DNA within the minor groove (Swenson et
al., Cancer Res. 42: 2821 (1982)) with the sequence
preference of 5'- d(A/GNTTA)-3' and 5'-d(AAAAA)-3' and
alkylates the N3 position of the 3'-adenine by its CPI
left-hand unit present in the molecule (Hurley et al,
Science 226: 843 (1984)). Despite its potent and broad
antitumor activity, CC-1065 cannot be used in humans
because it causes delayed death in experimental
animals. Many analogues and derivatives of CC-1065 and
the duocarmycins are known in the art. The research
into the structure, synthesis and properties of many
of the compounds has been reviewed. See, for example,
Boger et al, Angew. Chem. Int. Ed. Engl. 35: 1438
(1996); and Boger et al, Chem. Rev. 97: 787 (1997). A
group at Kyowa Hakko Kogya Co., Ltd. has prepared a
number of CC-1065 derivatives. See, for example, U.S.
Pat. No. 5,101, 038; 5,641,780; 5,187,186; 5,070,092; 



5,703,080; 5,070,092; 5,641,780; 5,101,038; and
5,084,468; and published PCT application, WO 96/10405
and published European application 0 537 575 Al. The
Upjohn Company (Pharmacia Upjohn) has also been active
in preparing derivatives of CC-1065. See, for example,
U.S. Patent No. 5,739,350; 4,978,757, 5,332, 837 and
4,912,227. Research has also focused on the
development of new therapeutic agents which are in the
form of prodrugs, compounds that are capable of being
converted to drugs (active therapeutic compounds) in
vivo by certain chemical or enzymatic modifications of
their structure. For purposes of reducing toxicity,
this conversion is preferably confined to the site of
action or target tissue rather than the circulatory
system or non-target tissue. However, even prodrugs
are problematic as many are characterized by a low
stability in blood and serum, due to the presence of
enzymes that degrade or activate the prodrugs before
the prodrugs reach the desired sites within the
patient' s body. Bristol-Myers Squibb has described
particular lysosomal enzyme-cleavable antitumor drug
conjugates. See, for example, U.S. Patent No.
6,214,345. This patent provides an aminobenzyl
oxycarbonyl.Seattle Genetics has published
applications U.S. Pat. Appl. 2003/0096743 and U.S.
Pat. Appl. 2003/0130189, which describe
p-aminobenzylethers in drug delivery agents. The
linkers described in these applications are limited to
aminobenzyl ether compositions. Other groups have also
described linkers. See for example de Groot et al, J.
Med. Chem. 42, 5277 (1999); de Groot et al J. Org.
Chem. 43, 3093 (2000); de Groot et al, J. Med. Chem.
66, 8815, (2001); WO 02/083180; Carl et al, J. Med.
Chem. Lett. 24, 479, (1981); Dubowchik et al, Bioorg
&Med. Chem. Lett. 8, 3347 (1998). These linkers
include aminobenzyl ether spacer, elongated electronic
cascade and cyclization spacer systems, cyclisation
eliminations spacers, such as w-amino aminocarbonyls,
and ap aminobenzy oxycarbonyl linker. Stability of
cytotoxin drugs, including in vivo stability, is still
an important issue that needs to be addressed. In
addition, the toxicity of many compounds makes them
less useful, so compositions that will reduce drug
toxicity, such as the formation of a cleaveable
prodrug, are needed. Therefore, in spite of the
advances in the art, there continues to be a need for
the development of improved therapeutic agents for the
treatment of mammals, and humans in particular, more
specifically cytotoxins that exhibit high specificity
of action, reduced toxicity, and improved stability in
blood relative to known compounds of similar
structure. The instant invention addresses those
needs. SUMMARY OF THE INVENTION The present invention
relates to drug-ligand conjugates, where the drug and
ligand are linked through a peptidyl or other linker,
and to drug-enzyme cleavable substrate conjugates.
These conjugates are potent cytotoxins that can be
selectively delivered to a site of action of interest
in an active form and then cleaved to release the
active drug. One embodiment is a compound of the
formula X '-I- (L4)p-F-( |_1)m-|-D wherein L1 is a
self-immolative linker; m is an integer 0, 1, 2, 3, 4,
5, or 6; F is a linker comprising the
structure:wherein AA1 is one or more members
independently selected from the group consisting of
natural amino acids and unnatural a-amino acids; c is
an integer from 1 to 20; L2 is a self-immolative
linker and comprises wherein each R17 , R18, and R19
is independently selected from H, substituted or
unsubstituted alkyl, substituted or unsubstituted
heteroalkyl and substituted or unsubstituted aryl, and
w is an integer from 0 to 4; o is 1; L4 is a linker
member; p is 0 or 1; X4 is a member selected from the
group consisting of protected reactive functional
groups, unprotected reactive functional groups,
detectable labels, and targeting agents; 



and D comprises a structure:wherein the ring system A
is a member selected from substituted or unsubstituted
aryl, substituted or unsubstituted heteroaryl and
substituted or unsubstituted heterocycloalkyl groups;
E and G are members independently selected from H,
substituted or unsubstituted alkyl, substituted or
unsubstituted heteroalkyl, a heteroatom, a single
bond, or E and G are joined to form a ring system
selected from substituted or unsubstituted aryl,
substituted or unsubstituted heteroaryl and
substituted or unsubstituted heterocycloalkyl; X is a
member selected from O, S and NR23 ; R23 is a member
selected from H, substituted or unsubstituted alkyl,
substituted or unsubstituted heteroalkyl, and acyl; R3
is OR1 1, wherein R1 1 is a member selected from the
group consisting of H, substituted alkyl,
unsubstituted alkyl, substituted heteroalkyl,
unsubstituted heteroalkyl, monophosphates,
diphosphates, triphosphates, sulfonates, acyl,
C(O)R12R13 , C(O)OR12 , C(O)NR12R13 , P(O)(OR12)2, ,
C(O)CHR12R13 , SR12 and SiR12R13R14 , in which R12 ,
R13 , and R14 are members independently selected from
H, substituted or unsubstituted alkyl, substituted or
unsubstituted heteroalkyl and substituted or
unsubstituted aryl, wherein R12 and R13 together with
the nitrogen or carbon atom to which they are attached
are optionally joined to form a substituted or
unsubstituted heterocycloalkyl ring system having from
4 to 6 members, optionally containing two or more
heteroatoms; R4 , R4' , R5 and R5' are members
independently selected from the group consisting of H,
substituted alkyl, unsubstituted alkyl, substituted
aryl, unsubstituted aryl, substituted heteroaryl,
unsubstituted heteroaryl, substituted
heterocycloalkyl, unsubstituted heterocycloalkyl,
halogen, NO , NR15R16 , NC(O)R15 , OC(O)NR15R16 ,
OC(O)OR15 , C(O)R15 , SR15 , OR15 , CR15=NR16 , and
O(CH2)nN(CH3)2, or any adjacent pair of R4, R4' , R5
and R5' , together with the carbon atoms to which they
are attached, are joined to form a substituted or
unsubstituted cycloalkyl or heterocycloalkyl ring
system having from 4 to 6 members;wherein n is an
integer from 1 to 20; R15 and R16 are independently
selected from H, substituted or unsubstituted alkyl,
substituted or unsubstituted heteroalkyl, substituted
or unsubstituted aryl, substituted or unsubstituted
heteroaryl, substituted or unsubstituted
heterocycloalkyl, and substituted or unsubstituted
peptidyl, wherein R15 and R16 together with the
nitrogen atom to which they are attached are
optionally joined to form a substituted or
unsubstituted heterocycloalkyl ring system having from
4 to 6 members, optionally containing two or more
heteroatoms; R6 is a single bond which is either
present or absent and when present R6 and R7 are
joined to form a cyclopropyl ring; and R7 is CH2-X1 or
-CH 2- joined in said cyclopropyl ring with R6,
wherein X1 is a leaving group, wherein R1 1 links said
drug to L1, if present, or to F; rmaceutically
acceptable salt thereof. Another embodiment is a
compound of the formula X4- (L4)p-F-(L 1)m D wherein
L1 is a self-immolative linker; m is an integer 0, 1,
2, 3, 4, 5, or 6; F is a linker comprising the
structure: wherein AA1 is one or more members
independently selected from the group consisting of
natural amino acids and unnatural a-amino acids; 



c is an integer from 1 to 20; L2 is a self-immolative
linker; o is 0 or 1;L is a linker member; p is 0 or 1;
X4 is a member selected from the group consisting of
protected reactive functional groups, unprotected
reactive functional groups, detectable labels, and
targeting agents; and D comprises a structure: wherein
the ring system A is a member selected from
substituted or unsubstituted aryl, substituted or
unsubstituted heteroaryl and substituted or
unsubstituted heterocycloalkyl groups; E and G are
members independently selected from H, substituted or
unsubstituted alkyl, substituted or unsubstituted
heteroalkyl, a heteroatom, a single bond, or E and G
are joined to form a ring system selected from
substituted or unsubstituted aryl, substituted or
unsubstituted heteroaryl and substituted or
unsubstituted heterocycloalkyl; X is a member selected
from O, S and NR23 ; R23 is a member selected from H,
substituted or unsubstituted alkyl, substituted or
unsubstituted heteroalkyl, and acyl; R3 is a member
selected from the group consisting of (=0), SR1 1,
NHR11 and OR11 wherein R. 11 is a member selected from
the group consisting of H, substituted alkyl,
unsubstituted alkyl, substituted heteroalkyl,
unsubstituted heteroalkyl, monophosphates,
diphosphates, triphosphates, sulfonates, acyl,
C(O)R12R13 , C(O)OR12 , C(O)NR12R13 , P(O)(OR12)2, ,
C(O)CHR12R13 , SR12 and SiR12R13R14 , in which R12 ,
R13 , and R14 are members independently selected from
H, substituted or unsubstituted alkyl, substituted
orunsubstituted heteroalkyl and substituted or
unsubstituted aryl, wherein R12 and R13 together with
the nitrogen or carbon atom to which they are attached
are optionally joined to form a substituted or
unsubstituted heterocycloalkyl ring system having from
4 to 6 members, optionally containing two or more
heteroatoms; R4 , R4' , R5 and R5' are members
independently selected from the group consisting of H,
substituted alkyl, unsubstituted alkyl, substituted
aryl, unsubstituted aryl, substituted heteroaryl,
unsubstituted heteroaryl, substituted
heterocycloalkyl, unsubstituted heterocycloalkyl,
halogen, NO , NR15R16 , NC(O)R15 , OC(O)NR15R16 ,
OC(O)OR15 , C(O)R15 , SR15 , OR15 , CR15=NR16 , and
O(CH2)nN(CH3)2, or any adjacent pair of R4, R4' , R5
and R5' , together with the carbon atoms to which they
are attached, are joined to form a substituted or
unsubstituted cycloalkyl or heterocycloalkyl ring
system having from 4 to 6 members, wherein n is an
integer from 1 to 20; R15 and R16 are independently
selected from H, substituted or unsubstituted alkyl,
substituted or unsubstituted heteroalkyl, substituted
or unsubstituted aryl, substituted or unsubstituted
heteroaryl, substituted or unsubstituted
heterocycloalkyl, and substituted or unsubstituted
peptidyl, wherein R15 and R16 together with the
nitrogen atom to which they are attached are
optionally joined to form a substituted or
unsubstituted heterocycloalkyl ring system having from
4 to 6 members, optionally containing two or more
heteroatoms; wherein at least one of R4 , R4' , R5 and
R5' links said drug to L1, if present, or to F, and
comprises wherein v is an integer from 1 to 6; andeach
R , R , R , and R is independently selected from H,
substituted or unsubstituted alkyl, substituted or
unsubstituted heteroalkyl, substituted or
unsubstituted aryl, substituted or unsubstituted
heteroaryl, and substituted or unsubstituted
heterocycloalkyl; 



R6 is a single bond which is either present or absent
and when present R6 and R7 are joined to form a
cyclopropyl ring; and R7 is CH -X1 or -CH - joined in
said cyclopropyl ring with R6, wherein X1 is a leaving
group; rmaceutically acceptable salt thereof. Yet
another embodiment is a compound of the formula X '-I-
(L4)p-F-( |_1)m-|-D wherein L1 is a self-immolative
linker; m is an integer 0, 1, 2, 3, 4, 5, or 6; F is a
linker comprising the structure: wherein AA1 is one or
more members independently selected from the group
consisting of natural amino acids and unnatural
a-amino acids; c is an integer from 1 to 20; L3 is a
spacer group comprising a primary or secondary amine
or a carboxyl functional group; wherein if L3 is
present, m is 0 and either the amine of L3 forms an
amide bond with a pendant carboxyl functional group of
D or the carboxyl of L3 forms an amide bond with a
pendant amine functional group of D; o is 0 or 1;L4 is
a linker member, wherein L4 comprises directly
attached to the N-terminus of (AA1 , wherein R20 is is
a member selected from H, substituted or unsubstituted
alkyl, substituted or unsubstituted heteroalkyl, and
acyl, each R25, R25 , R26, and R26 is independently
selected from H, substituted or unsubstituted alkyl,
substituted or unsubstituted heteroalkyl, substituted
or unsubstituted aryl, substituted or unsubstituted
heteroaryl, and substituted or unsubstituted
heterocycloalkyl; and s and t are independently
integers from 1 to 6; p is 1; X4 is a member selected
from the group consisting of protected reactive
functional groups, unprotected reactive functional
groups, detectable labels, and targeting agents; and D
comprises a structure: wherein the ring system A is a
member selected from substituted or unsubstituted
aryl, substituted or unsubstituted heteroaryl and
substituted or unsubstituted heterocycloalkyl groups;
E and G are members independently selected from H,
substituted or unsubstituted alkyl, substituted or
unsubstituted heteroalkyl, a heteroatom, a single
bond, or E and G are joined to form a ring system
selected from substituted or unsubstituted aryl,
substituted or unsubstituted heteroaryl and
substituted or unsubstituted heterocycloalkyl;X is a
member selected from O, S and NR23 ; R23 is a member
selected from H, substituted or unsubstituted alkyl,
substituted or unsubstituted heteroalkyl, and acyl; R3
is a member selected from the group consisting of
(=0), SR1 1, NHR11 and OR1 1, wherein R11 is a member
selected from the group consisting of H, substituted
alkyl, unsubstituted alkyl, substituted heteroalkyl,
unsubstituted heteroalkyl, monophosphates,
diphosphates, triphosphates, sulfonates, acyl,
C(O)R12R13 , C(O)OR12 , C(O)NR12R13 , P(O)(OR12)2, ,
C(O)CHR12R13 , SR12 and SiR12R13R14 , in which R12 ,
R13 , and R14 are members independently selected from
H, substituted or unsubstituted alkyl, substituted or
unsubstituted heteroalkyl and substituted or
unsubstituted aryl, wherein R12 and R13 together with
the nitrogen or carbon atom to which they are attached
are optionally joined to form a substituted or
unsubstituted heterocycloalkyl ring system having from
4 to 6 members, 



optionally containing two or more heteroatoms; R4 ,
R4' , R5 and R5' are members independently selected
from the group consisting of H, substituted alkyl,
unsubstituted alkyl, substituted aryl, unsubstituted
aryl, substituted heteroaryl, unsubstituted
heteroaryl, substituted heterocycloalkyl,
unsubstituted heterocycloalkyl, halogen, NO , NR15R16
, NC(O)R15 , OC(O)NR15R16 , OC(O)OR15 , C(O)R15 , SR15
, OR15 , CR15=NR16 , and O(CH2)nN(CH3)2, or any
adjacent pair of R4, R4' , R5 and R5' , together with
the carbon atoms to which they are attached, are
joined to form a substituted or unsubstituted
cycloalkyl or heterocycloalkyl ring system having from
4 to 6 members, wherein n is an integer from 1 to 20;
R15 and R16 are independently selected from H,
substituted or unsubstituted alkyl, substituted or
unsubstituted heteroalkyl, substituted or
unsubstituted aryl, substituted or unsubstituted
heteroaryl, substituted orunsubstituted
heterocycloalkyl, and substituted or unsubstituted
peptidyl, wherein R15 and R16 together with the
nitrogen atom to which they are attached are
optionally joined to form a substituted or
unsubstituted heterocycloalkyl ring system having from
4 to 6 members, optionally containing two or more
heteroatoms; R6 is a single bond which is either
present or absent and when present R6 and R7 are
joined to form a cyclopropyl ring; and R7 is CH -X1 or
-CH - joined in said cyclopropyl ring with R6, wherein
X1 is a leaving group, wherein at least one of R4 ,
R4' , R5, R5' , R15 or R16 links said drug to L1, if
present, or to F; or a pharmaceutically acceptable
salt thereof. A further embodiment is a compound
having the following structure: X2- wherein L1 is a
self-immolative spacer; m is an integer of 0, 1, 2, 3,
4, 5, or 6; X2 is a cleavable substrate; and D
comprises a structure: wherein the ring system A is a
member selected from substituted or unsubstituted
aryl, substituted or unsubstituted heteroaryl and
substituted or unsubstituted heterocycloalkyl groups;
E and G are members independently selected from H,
substituted or unsubstituted alkyl, substituted or
unsubstituted heteroalkyl, a heteroatom, a single
bond, or E and G are joined to form a ring system
selected from substituted or unsubstituted aryl,
substituted or unsubstituted heteroaryl and
substituted or unsubstituted heterocycloalkyl;X is a
member selected from O, S and NR23 ; R23 is a member
selected from H, substituted or unsubstituted alkyl,
substituted or unsubstituted heteroalkyl, and acyl; R3
is a member selected from the group consisting of
(=0), SR1 1, NHR11 and OR1 1, wherein R11 is a member
selected from the group consisting of H, substituted
alkyl, unsubstituted alkyl, substituted heteroalkyl,
unsubstituted heteroalkyl, monophosphates,
diphosphates, triphosphates, sulfonates, acyl,
C(O)R12R13 , C(O)OR12 , C(O)NR12R13 , P(O)(OR12)2, ,
C(O)CHR12R13 , SR12 and SiR12R13R14 , in which R12 ,
R13 , and R14 are members independently selected from
H, substituted or unsubstituted alkyl, substituted or
unsubstituted heteroalkyl and substituted or
unsubstituted aryl, wherein R12 and R13 together with
the nitrogen or carbon atom to which they are attached
are optionally joined to form a substituted or
unsubstituted heterocycloalkyl ring system having from
4 to 6 members, optionally containing two or more
heteroatoms; 



R6 is a single bond which is either present or absent
and when present R6 and R7 are joined to form a
cyclopropyl ring; and R7 is CH2-X1 or -CH 2- joined in
said cyclopropyl ring with R6, wherein X1 is a leaving
group R4 , R4' , R5 and R5' are members independently
selected from the group consisting of H, substituted
alkyl, unsubstituted alkyl, substituted aryl,
unsubstituted aryl, substituted heteroaryl,
unsubstituted heteroaryl, substituted
heterocycloalkyl, unsubstituted heterocycloalkyl,
halogen, NO2, NR15R16 , NC(O)R15 , OC(O)NR15R16 ,
OC(O)OR15 , C(O)R15 , SR15 , OR15 , CR15=NR16 , and
O(CH2)nN(CH3)2, or any adjacent pair of R4, R4' , R5
and R5' , together with the carbon atoms to which they
are attached, are joined to form a substituted or
unsubstituted cycloalkyl or heterocycloalkyl ring
system having from 4 to 6 members, whereinn is an
integer from 1 to 20; R15 and R16 are independently
selected from H, substituted or unsubstituted alkyl,
substituted or unsubstituted heteroalkyl, substituted
or unsubstituted aryl, substituted or unsubstituted
heteroaryl, substituted or unsubstituted
heterocycloalkyl, and substituted or unsubstituted
peptidyl, wherein R15 and R16 together with the
nitrogen atom to which they are attached are
optionally joined to form a substituted or
unsubstituted heterocycloalkyl ring system having from
4 to 6 members, optionally containing two or more
heteroatoms; wherein at least one of members R4 , R4'
, R5 and R5' links said drug to L1, if present, or to
X2 and is selected from the group consisting of
wherein R30, R30' , R3 1, and R31' are independently
selected from H, substituted or unsubstituted alkyl,
substituted or unsubstituted heteroalkyl, substituted
or unsubstituted aryl, substituted or unsubstituted
heteroaryl, and substituted or unsubstituted
heterocycloalkyl; and v is an integer from 1 to 6;
tically acceptable salt thereof.Another embodiment is
a compound having the following structure: wherein the
ring system A is a member selected from substituted or
unsubstituted aryl, substituted or unsubstituted
heteroaryl and substituted or unsubstituted
heterocycloalkyl groups; Z and X are independently
members selected from O, S and NR23 ; R23 is a member
selected from H, substituted or unsubstituted alkyl,
substituted or unsubstituted heteroalkyl, and acyl; R3
is a member selected from the group consisting of
(=0), SR1 1, NHR11 and OR11 R, 11 is a member selected
from the group consisting of H, substituted alkyl,
unsubstituted alkyl, substituted heteroalkyl,
unsubstituted heteroalkyl, monophosphates,
diphosphates, triphosphates, sulfonates, acyl,
C(O)R12R13 , C(O)OR12 , C(O)NR12R13 , P(O)(OR12)2, ,
C(O)CHR12R13 , SR12 and SiR12R13R14 , in which R12 ,
R13 , and R14 are members independently selected from
H, substituted or unsubstituted alkyl, substituted or
unsubstituted heteroalkyl and substituted or
unsubstituted aryl, wherein R12 and R, 13 together
with the nitrogen or carbon atom to which they are
attached are optionally joined to form a substituted
or unsubstituted heterocycloalkyl ring system having
from 4 to 6 members, optionally containing two or more
heteroatoms; R6 is a single bond which is either
present or absent and when present R6 and R7 are
joined to form a cyclopropyl ring; R7 is CH -X1 or -CH
2- joined in said cyclopropyl ring with R6, wherein X1
is a leaving group; andR5, R5' , and R32 are members
independently selected from the group 



consisting of H, substituted alkyl, unsubstituted
alkyl, substituted aryl, unsubstituted aryl,
substituted heteroaryl, unsubstituted heteroaryl,
substituted heterocycloalkyl, unsubstituted
heterocycloalkyl, halogen, NO , NR15R16 , NC(O)R15 ,
OC(O)NR15R16 , OC(O)OR15 , C(O)R15 , SR15 , OR15 ,
CR15=NR16 , and O(CH2)nN(CH3)2 n is an integer from 1
to 20; R15 and R16 are independently selected from H,
substituted or unsubstituted alkyl, substituted or
unsubstituted heteroalkyl, substituted or
unsubstituted aryl, substituted or unsubstituted
heteroaryl, substituted or unsubstituted
heterocycloalkyl, and substituted or unsubstituted
peptidyl, wherein R15 and R16 together with the
nitrogen atom to which they are attached are
optionally joined to form a substituted or
unsubstituted heterocycloalkyl ring system having from
4 to 6 members, optionally containing two or more
heteroatoms; rmaceutically acceptable salt thereof. A
further embodiment is a compound having the following
structure: wherein the ring system A is a member
selected from substituted or unsubstituted aryl,
substituted or unsubstituted heteroaryl and
substituted or unsubstituted heterocycloalkyl groups;
Z and X are independently members selected from O, S
and NR, 23.; R23 is a member selected from H,
substituted or unsubstituted alkyl, substituted or
unsubstituted heteroalkyl, and acyl;R4 , R4' , R5, R5'
, and R33 are members independently selected from the
group consisting of H, substituted alkyl,
unsubstituted alkyl, substituted aryl, unsubstituted
aryl, substituted heteroaryl, unsubstituted
heteroaryl, substituted heterocycloalkyl,
unsubstituted heterocycloalkyl, halogen, NO , NR15R16
, NC(O)R15 , OC(O)NR15R16 , OC(O)OR15 , C(O)R15 , SR15
, OR15 , CR15=NR16 , and O(CH2)nN(CH3)2, or any
adjacent pair of R4, R4' , R5 and R5' , together with
the carbon atoms to which they are attached, are
joined to form a substituted or unsubstituted
cycloalkyl or heterocycloalkyl ring system having from
4 to 6 members; wherein n is an integer from 1 to 20;
R15 and R16 are independently selected from H,
substituted or unsubstituted alkyl, substituted or
unsubstituted heteroalkyl, substituted or
unsubstituted aryl, substituted or unsubstituted
heteroaryl, substituted or unsubstituted
heterocycloalkyl, and substituted or unsubstituted
peptidyl, wherein R15 and R16 together with the
nitrogen atom to which they are attached are
optionally joined to form a substituted or
unsubstituted heterocycloalkyl ring system having from
4 to 6 members, optionally containing two or more
heteroatoms, wherein R33 comprises one or more
cleaveable groups; R6 is a single bond which is either
present or absent and when present R6 and R7 are
joined to form a cyclopropyl ring; and R7 is CH2-X1 or
-CH 2- joined in said cyclopropyl ring with R6,
wherein X1 is a leaving group; rmaceutically
acceptable salt thereof. Another embodiment is a
compound selected from:SEMICONDUCTOR NANOSTRUCTURES,
SEMICONDUCTOR DEVICES, AND METHODS OF MAKING SAME
FIELD OF THE INVENTION [0001] The present invention
generally relates to semiconductor nanostructures with
a core-shell configuration that can be used for
forming nano-sized semiconductor devices. More
specifically, the present invention relates to field
effect transistors (FETs) formed by such semiconductor
nanostructures, as well as to methods for forming the
FETs. BACKGROUND OF THE INVENTION [0002]
Miniaturization of semiconductor devices, such as
field effect transistors (FETs), has been the main
driving force behind the incredible progress in the
area of computation over the last half decade. Use of
smaller FETs advantageously results in 



a higher packing density, as well as improved device
performance. To further sustain this trend, novel
nanostructures are explored as possible successors of
the current state-of-art silicon devices. One type of
nanostructure considered as particularly promising for
forming nano-sized FETs is a semiconductor nanowire
grown by homoepitaxy (such as a germanium or silicon
nanowire). [0003] However, building devices from
semiconductor nanowires requires reinventing the
conventional complementary metal-oxide-semiconductor
(CMOS) process flow and redesigning desired doping
profiles and implementation details, so that such
semiconductor nanowires may become the central
portions of new high performance nano-sized FETs.
[0004] The conventional nano-sized FET contains a
rather simple (i.e., non-ideal) semiconductor nanowire
structure. Specifically, a top or bottom gate is used
to control the electrostatics inside a channel region
of the FET, which is located in the uniformly doped or
undoped semiconductor nanowire, and source/drain metal
contacts for the FET are attached to the two ends of
the semiconductor nanowire. Insuch a FET
configuration, the gate not only controls the
electrostatics inside the channel region, but also
impacts the injection properties at the metal/nanowire
interface. This unavoidably results in a transmission
probability that is substantially smaller than unity
through this interface when an undoped nanowire is
used, or in a very substantial shift of the threshold
voltage when a uniformly doped nanowire is used for
improving the contact quality. [0005] The desired
approach would involve a more complicated doping
profile with a highly doped region located close to
the metal contacts and a lowly doped or undoped region
located close to the gate, but away from the contacts.
[0006] Currently, there are two standard approaches
for realizing such a complicated doping profile in a
nanowire - both suffering from substantial drawbacks.
One approach is to grow the semiconductor nanowires in
situ with a desired doping profile along the length of
the nanowire. This approach, however, is incompatible
with the requirement for precisely aligning the FET
components, such as the gate and the source/drain
metal contacts, at a later stage to this doping
profile. Consequently, the parasitic capacitance
contributions cannot be reduced as desirable, which
ultimately limits improvement in the device
performance. The second approach is to implant dopants
into an existing semiconductor nanowire, using
conventional dopant implantation techniques. It is
highly desirable to use nanowires in a
threedimensional integrated approach, but the
implanted dopant cannot form a uniform doping profile
in various depths of the nanowire relative to the
implantation direction. In addition, it is highly
questionable whether it is possible to use an ion
implantation approach for any nanostructure, since the
ions would have to be "stopped" very precisely within
the nanostructure. [0007] There is therefore a
continuing need for improved nanostructures with
desired doping profiles that are suitable for forming
FET devices. SUMMARY OF THE INVENTION [0008] The
present invention provides a three-dimensional
nanostructure with a doping profile characterized by
uniform dopant concentrations along a longitudinalaxis
of the nanostructure and differential dopant
concentrations in a radial direction thereof. Such a
three-dimensional nanostructure is formed by using a
combination of lithographical and deposition
techniques, without the need for dopant implantation.
[0009] In one aspect, the present invention relates to
semiconductor structure comprising multiple sections
arranged along a longitudinal axis of the
semiconductor structure, wherein a semiconductor core
having a first dopant concentration extends along the
longitudinal axis through the multiple sections of the
semiconductor structure, and wherein a semiconductor
shell having a second, higher dopant concentration
encircles a portion of the semiconductor core at one
or more, but not all, sections of the semiconductor
structure. [0010] Preferably, the semiconductor
structure of the present invention has a middle
section and two terminal sections located at opposite
ends of the middle section. The semiconductor core
extends through the middle section and two terminal
sections of the semiconductor structure, and the
semiconductor shell encircles a portion of the
semiconductor core at the two terminal sections, but
not at the middle section, of the semiconductor
structure. More preferably, the semiconductor
structure of the present 



invention is preferably a nanostructure with a
cross-sectional dimension of not more than about 100
nm. [0011] The semiconductor core and the
semiconductor shell comprise any suitable
semiconductor material. It is noted that in the
present invention the semiconductor core and the
semiconductor shell comprise the same semiconductor
material. [0012] In a specific embodiment of the
present invention, the semiconductor core is undoped,
while the semiconductor shell is doped with an n-type
or a p-type dopant. Alternatively, both the
semiconductor core and the semiconductor shell can be
doped with an n-type dopant, provided that the first
dopant concentration ranges from about lq" to about 10
17 atoms/cm3, and the second, higher dopant
concentration ranges from about IO17 to about 102 1
atoms/cm3. Further, both the semiconductor core and
the semiconductor shell can be doped with a p-type
dopant, provided that the first dopant concentration
ranges from about 10 1 1 to about 10 17 atoms/cm3, and
the second, higher dopant concentration ranges from
about 10 17 to about 102 1 atoms/cm3.[0013] In another
aspect, the present invention relates to a method
comprising: forming a semiconductor structure having a
longitudinal axis, wherein a semiconductor core having
a first dopant concentration extends along the
longitudinal axis, and wherein a semiconductor shell
having a second, higher dopant concentration also
extends along the longitudinal axis and encircles the
semiconductor core; and selectively removing a portion
of the semiconductor shell from at least one section
of the semiconductor structure, so that a remaining
portion of the semiconductor shell encircles a portion
of the semiconductor core at other sections, but not
the at least one section, of the semiconductor
structure. [0014] Preferably, the portion of the
semiconductor shell is selectively removed by: forming
a patterned mask layer to selectively cover the other
sections, but not said at least one section, of the
semiconductor structure, wherein the portion of the
semiconductor shell to be selectively removed is
exposed at the at least one section of the
semiconductor structure; oxidizing the exposed portion
of the semiconductor shell to form a semiconductor
oxide at the at least one section of the semiconductor
structure; selectively etching the semiconductor
oxide; and optionally, repeating the oxidizing and
selective etching steps until the exposed portion of
the semiconductor shell is completely removed to
expose an underlying portion of the semiconductor core
at the at least one section of the semiconductor
structure. [0015] In a specific embodiment of the
present invention, the portion of the semiconductor
shell is removed from a middle section of the
semiconductor structure, so that the remaining portion
of the semiconductor shell encircles a portion of the
semiconductor core at two terminal sections at
opposite ends of the middle section, but not at the
middle section of the semiconductor structure.[0016]
In a further aspect, the present invention relates to
a semiconductor device comprising: a semiconductor
structure comprising a middle section and two terminal
sections located at opposite ends of the middle
section along a longitudinal axis of said
semiconductor structure, wherein a semiconductor core
having a first dopant concentration extends along the
longitudinal axis through the middle section and the
two terminal sections of the semiconductor structure,
and wherein a semiconductor shell having a second,
higher dopant concentration encircles a portion of the
semiconductor core at the two terminal sections, but
not the middle section, of the semiconductor
structure; and a field effect transistor (FET)
comprising a source located at one of the two terminal
sections of the semiconductor structure, a channel
located at the middle section of the semiconductor
structure, a drain located at the other of the two
terminal sections of the semiconductor structure, and
a gate structure over a portion of the semiconductor
core at the middle section of the semiconductor
structure. 



[0017] The gate structure as mentioned hereinabove may
comprise a gate dielectric layer and a gate conductor
layer. The semiconductor device may further comprise
metal contacts located over the source and drain of
the FET, or metal suicide layers between the metal
contacts and the source and drain of the FET. [0018]
In a still further aspect of the present invention,
the present invention relates to a method for forming
a semiconductor device comprising: forming a
semiconductor structure having a longitudinal axis,
wherein a semiconductor core having a first dopant
concentration extends along the longitudinal axis, and
wherein a semiconductor shell having a second, higher
dopant concentration also extends along the
longitudinal axis and encircles the semiconductor
core; selectively removing a portion of the
semiconductor shell from a middle section of the
semiconductor structure, so that a remaining portion
of the semiconductor shell encircles a portion of the
semiconductor core attwo terminal sections at opposite
ends of the middle section, but not at the middle
section of the semiconductor structure; and forming a
field effect transistor (FET) from the semiconductor
structure, wherein the FET comprises a source located
at one of the two terminal sections of the
semiconductor structure, a channel located at the
middle section of the semiconductor structure, a drain
located at the other of the two terminal sections of
the semiconductor structure, and a gate structure over
a portion of the semiconductor core at the middle
section of the semiconductor structure. [0019]
Preferably, the FET as mentioned hereinabove is formed
by: forming a gate dielectric layer over the portion
of the semiconductor core at the middle section of the
semiconductor structure; and forming a gate conductor
layer over the gate dielectric layer at the middle
section of the semiconductor structure, wherein the
portion of the semiconductor core at the middle
section of the semiconductor structure, which is
covered by the gate dielectric layer and gate
conductor layer, forms the channel of the FET, wherein
one of the two terminal sections located at one end of
the middle section of the semiconductor structure
forms the source of the FET, and wherein the other of
the two terminal sections located at the other,
opposite end of the middle section of the
semiconductor structure forms the drain of the FET.
BRIEF DESCRIPTION OF THE DRAWINGS [0020] FIG. 1 shows
a side view of a semiconductor nanostrucrure
containing a differentially doped semiconductor core
and shell, while a portion of the semiconductor shell
is removed from a middle section of the semiconductor
nanostrucrure to expose the underlying semiconductor
core, according to one embodiment of the present
invention. [0021] FIG. 2 shows a side view of a field
effect transistor (FET) formed using the semiconductor
nanostructure of FIG. 1, while the FET contains a
channel regionlocated at the middle section of the
semiconductor nanostructure and source/drain regions
located at two terminal sections of the semiconductor
nanostructure, according to one embodiment of the
present invention. [0022] FIGS. 3-4 illustrate
exemplary processing steps for forming the
semiconductor nanostructure of FIG. 1, according to
one embodiment of the present invention. [0023] FIGS.
5-9 illustrate exemplary processing steps for forming
the FET of FIG. 2 by using the semiconductor
nanostructure of FIG. 1, according to one embodiment
of the present invention. [0024] DETAILED DESCRIPTION
OF THE INVENTION, AND PREFERRED EMBODIMENTS THEREOF
[0025] In the following description, numerous specific
details are set forth, such as particular structures,
components, materials, dimensions, processing steps
and techniques, in order to provide a thorough
understanding of the present invention. However, it
will be appreciated by one of ordinary skill in the
art that the invention may be practiced without these
specific details. In other instances, well-known
structures or processing steps have not been described
in detail in order to avoid obscuring the invention. 



[0026] It will be understood that when an element as a
layer, region or substrate is referred to as being
"on" another element, it can be directly on the other
element or intervening elements may also be present.
In contrast, when an element is referred to as being
"directly on" another element, there are no
intervening elements present. It will also be
understood that when an element is referred to as
being "connected" or "coupled" to another element, it
can be directly connected or coupled to the other
element or intervening elements may be present. In
contrast, when an element is referred to as being
"directly connected" or "directly coupled" to another
element, there are no intervening elements present.
[0027] While the invention has been described herein
with reference to specific embodiments, features and
aspects, it will be recognized that the invention is
not thuslimited, but rather extends in utility to
other modifications, variations, applications, and
embodiments, and accordingly all such other
modifications, variations, applications, and
embodiments are to be regarded as being within the
spirit and scope of the invention. [0028] The present
invention provides an improved semiconductor
structure, which is preferably an improved
semiconductor nanostructure having a cross-sectional
dimension of not more than about 100 ran. [0029] FIG.
1 shows an exemplary semiconductor structure 20,
according to one embodiment of the present invention.
Specifically, the semiconductor structure 20 is
located over an upper surface 12 of a substrate 10 and
has a core-shell configuration including a
semiconductor core 2OC and a semiconductor shell 2OS.
[0030] The substrate 10 may comprise any semiconductor
or insulating materials. Preferably, the substrate 10
comprises a semiconductor material selected from the
group consisting of: Si, SiC, SiGe, SiGeC, Ge alloys,
GaAs, InAs, InP, as well as other III-V or II-VI
compound semiconductors. The substrate 10 may also
comprise an organic semiconductor or a layered
semiconductor such as Si/SiGe, a silicon-oninsulator
(SOI) or a SiGe-on-insulator (SGOI). In some
embodiments of the present invention, it is preferred
that the substrate 10 be composed of a Si-containing
semiconductor material, i.e., a semiconductor material
that includes silicon. The substrate 10 may be doped
or undoped, or it may contain both doped and undoped
device regions therein. Further, the substrate 10 may
comprise one or more isolation regions between
adjacent device regions. [0031] The semiconductor
structure 20 is preferably a nanostructure having a
crosssectional dimension of not more than about 100
nm. The semiconductor core 2OC and the semiconductor
shell 2OS of the semiconductor nanostructure 20 can be
formed of any suitable semiconductor material,
including, but not limited to: Si, SiC, SiGe, SiGeC,
Ge alloys, GaAs, LiAs, InP, as well as other III-V or
II-VI compound semiconductors.[0032] Preferably, the
semiconductor core 2OC and the semiconductor shell 2OS
comprise the same semiconductor material, but with
different doping levels. For example, both 2OC and 2OS
may comprise Si or SiGe, but the semiconductor 2OC
either is undoped or is doped with a dopant species
(either an n-type or p-type dopant) at a first,
relatively low doping concentration, while the
semiconductor 2OS is doped with the same (comment: if
the doping profile n/p/n or p/n/p is chosen, the
device may still prove useful but dopant fluctuation
for ultimately scaled devices may prove harmful in the
channel region) dopant species (either an n-type or
p-type dopant) at a second, relatively high doping
concentration. [0033] In a preferred embodiment of the
present invention, both the semiconductor core 2OC and
the semiconductor shell 2OS are doped with an n-type
dopant, such as phosphorus, arsenic, and antimony.
More preferably, the semiconductor core 2OC has a
first, relatively low dopant concentration ranging
from about l q" to about 1017 atoms/cm3, and the
semiconductor shell 2OS has a second, relatively high
dopant concentration ranging from about 10 17 to about
102 1 atoms/cm3. [0034] In an alternative embodiment
of the present invention, both the semiconductor core
2OC and the semiconductor shell 2OS are doped with a
p-type dopant, such as aluminum, gallium, and indium.
Preferably, the semiconductor core 2OC has a first,
relatively low dopant concentration ranging from about
10 1 1 to about 10 17 atoms/cm3, and the semiconductor
shell 2OS has a second, relatively high dopant
concentration ranging from about 10 17 to about 102 1
atoms/cm3. 



[0035] The semiconductor nanostructure 20 may comprise
multiple sections arranged along a longitudinal axis
A-A of the semiconductor structure 20. Preferably, but
not necessarily, the semiconductor nanostructure 20
includes at least a middle section 22 and two terminal
sections 24 and 26 at opposite ends of the middle
section 22, as shown in FIG. 1. The semiconductor core
2OC extends along the longitudinal axis AA through all
of the multiple sections 22, 24, and 26 of the
structure 20. However, a portion of the semiconductor
shell 2OS is removed from the middle section 22 of the
semiconductor nanostructure 20, so that the underlying
semiconductor core 2OC is exposed at the middle
section 22. Correspondingly, the semiconductor shell
2OS encircles only a portion of the semiconductor core
2OC at the two terminal sections 24and 26, but not the
middle section 22, of the semiconductor nanostructure
20, as shown in FIG. 1. [0036] It is important to note
that although FIG. 1 illustratively shows a
three-section semiconductor nanostructure 20 with a
portion of the semiconductor shell 2OS being removed
from the middle section 22, the present invention is
not so limited; instead, the present invention
contemplates semiconductor structures with various
numbers of sections ranging from two to a few hundred,
while a portion of the semiconductor shell is removed
from one or more, but not all, sections of the
semiconductor structure. [0037] The semiconductor
nanostructure 20 of FIG. 1 can be readily formed by
conventional deposition and lithographic techniques,
as illustrated in FIGS. 3-4. [0038] First, a
core-shell semiconductor nanostructure 20 with
different doping levels in the semiconductor core 2OC
and the semiconductor shell 2OS, as shown in FIG. 3,
can be formed by an epitaxial growth process. The
different doping levels in the semiconductor core 2OC
and the semiconductor shell 2OS are formed by in situ
adjustment of dopant concentration used during the
epitaxial growth process. [0039] A substrate,
desirably but not necessarily Si, is plated (using
thermal or ebeam deposition) with a thin (on the order
of about 10 to about 30 A) Au film. The substrate is
then annealed at a temperature from about 400C to
about 600C in order for the Au film to coalesce into
small (on the order of about 20 to about 50 run
diameter) droplets. The substrate is subsequently
exposed to an ambient of SiH4 at a temperature from
about 4000C to about 550C and a SiH4 pressure from
about 1 mtorr to about 100 torr. This will result in
one dimensional, Si nanowire growth with diameters
from about 20 to about 50 run and with a length
directly proportional to the SiH pressure and growth
time. The growth rate will also depend on the
temperature, with the growth rate increasing with the
temperature. As an example, at a pressure of 0.15 torr
and a temperature of 5000C, the growth rate is
approximately 5 mm/hour. This procedure will result in
undoped or lightly doped Si nanowires, which
constitute the core of the inventive core-shell
structures. The substrate as grown is subsequently
exposed to an ambient OfSiH 4 and B2H6 at a
temperature ranging from about 550C to about 8000C.
This will result in a conformal growth of B-doped Si
that will wraparound the undoped Si nanowire core. The
doping level of the conformal growth will be
proportional to the relative concentration OfB2H6 and
SiH4 in the growth ambient and the growth rate will
depend on the SiH4 pressure and the growth
temperature. As an example, at a temperature of 550C,
a total pressure of 0.15 torr, using 50 seem SiH4 and
50 seem B2H6 (20 ppm diluted in He), the conformal
growth rate is 100 nm/hour, with a doping level of 5x1
019 cm 3 . [0040] Next, a portion of the semiconductor
shell 2OS is selectively removed from a middle section
22 of the semiconductor nanostructure 20, thereby
exposing the underlying semiconductor core 2OC at the
middle section 22, as shown in FIG. 4. Specifically, a
patterned dielectric hard mask layer 102 is formed,
which covers only the two terminal sections 24 and 26
of the semiconductor nanostructure 20, while the
middle section 22 is exposed. The patterned dielectric
hard mask layer 102 may contain any suitable
dielectric mask materials, such as silicon oxides,
silicon nitrides, silicon oxynitrides, etc.
Preferably, the patterned dielectric hard mask layer
102 comprises a patterned silicon nitride mask formed
by conventional lithography and etching techniques. A
selective oxidization step is then carried out to
oxidize an exposed portion of the semiconductor shell
2OS at the middle section 22, followed by a selective
etching step that selectively etches the semiconductor
oxide so formed over the un-oxidized semiconductor.
When the exposed portion of the semiconductor shell
2OS comprises silicon, which forms silicon oxide after
the oxidation step, a HFbased 



etching solution can be used to remove the oxidized
semiconductor shell 2OS. [0041] The selective
oxidation and etching steps can be repeated until the
semiconductor shell 2OS has been entirely removed from
the middle section 22 of the semiconductor
nanostructure 20 to expose the underlying
semiconductor core 2OC, as shown in FIG. 4. [0042] The
semiconductor nanostructure 20 as illustrated by FIG.
4 of the present invention can be readily used to form
a nano-sized semiconductor device, such as a
nano-sized field effect transistor (FET) 40, as shown
in FIG. 2. [0043] Specifically, the nano-sized FET 40
comprises a source 40S located at one terminal section
24 of the semiconductor nanostructure 24, a channel
4OC located atthe middle section 22, and a drain
located at the other semiconductor section 26. The
channel 4OC of the FET 40 includes the exposed portion
of the semiconductor core 2OC at the middle section 22
of the nanostructure 20. A gate structure of the FET
40, which comprises a gate dielectric layer 42 and a
gate conductor layer 40G, is formed over the channel
4OC, i.e., the exposed portion of the semiconductor
core 2OC at the middle section 22, as shown in FIG. 4.
Source and drain metal contacts 46S and 46D may be
provided to allow access to the FET 40. Further, metal
suicide layers 44S and 44D can be formed between the
metal contacts 46S and 46D and the source and drain
4OS and 40D of the FET 40, so as to reduce the contact
resistance of the FET 40. [0044] The FET 40 as shown
in FIG. 2 can be readily integrated into CMOS circuits
by using a fabrication process that is compatible with
conventional CMOS processing steps. FIGS. 5-9 shows
specific exemplary processing steps for forming the
FET 40, according to one embodiment of the present
invention. [0045] First, the semiconductor
nanostructure 20 as shown in FIG. 4 is subject to a
thermal oxidation or nitrification process, which
forms an oxide or nitride layer 42 over the exposed
surfaces of the semiconductor nanostructure 20 (i.e.,
surfaces not covered by the patterned dielectric hard
mask layer 102), as shown in FIG. 5. Such oxide or
nitride layer 42 can function as the gate dielectric
layer for the FET to be formed. [0046] Next, a gate
conductor material 104 is deposited over the entire
structure, as shown in FIG. 6. The gate conductor
material 104 may comprise polysilicon, metal, metal
alloy, metal suicide, metal nitride, or any other
conductive material suitable for forming a FET gate
conductor. The gate conductor material 104 and the
patterned hard mask layer 102 are subsequently removed
from the two terminal sections 24 and 26 of the
semiconductor nanostructure 20, as shown in FIG. 7.
The remaining gate conductor material 104 at the
middle section 22 of the semiconductor nanostructure
20 thereby forms a gate conductor layer 4OG that
overlays the gate dielectric layer 42 and the
semiconductor core 2OC, which will function as the
channel for the FET to be formed.[0047] A patterned
photoresist layer 106 is then formed over the
structure of FIG. 7 by conventional lithographic
techniques. The patterned photoresist layer 106
selectively protects the middle section 22 of the
semiconductor nanostructure 20, while the two terminal
sections 24 and 26 of the semiconductor nanostructure
20 are exposed, as shown in FIG. 8. The patterned
photoresist layer 106 defines the source/drain regions
of the FET to be formed, which are located in the two
terminal sections 24 and 26 of the semiconductor
nanostructure 20. Alignment of this patterned layer
relative to the gate 4OG is not critical, as long as
it does not overlap with the region 22. [0048]
Subsequently, a metal layer 108 is deposited over the
entire structure, as shown in FIG. 9. Portions of the
metal layer 108 deposited over the exposed terminal
sections 24 and 26 of the semiconductor nanostructure
20 forms source/drain metal contacts or electrodes 46S
and 46D as shown in FIG. 2, while remaining portions
of the metal layer 108 can be removed together with
the patterned photoresist layer by resist stripping. A
further annealing step can optionally be carried out
to form the metal suicide layers 44S and 44D, as shown
in FIG. 2. [0049] The FET 40 as shown in FIG. 2
exhibits improved injection properties between the
metal contacts 46S and 46D, the metal suicide layers
44S and 44D, the highly doped semiconductor shell 2OS,
and the undoped or lowly doped semiconductor core 2OC,
which conjunctively function to improve the overall
device performance of the FET 40. On one hand, carrier
injection occurs from the metal 



contacts 46S and 46D through the metal suicide layers
44S and 44D into the highly doped semiconductor shell
2OS at the source and drain regions 4OS and 4OD for a
relatively low contact resistance. The relatively high
doping level in the semiconductor shell 2OS ensures
such a low contact resistance. On the other hand, when
the carriers (either electrons or holes) reach the
channel region 4OC, they are injected from the
semiconductor shell 2OS into the semiconductor core
2OC at the channel region 40C. Since the junction
between the semiconductor shell 2OS and the
semiconductor core 2OC is a
semiconductor-to-semiconductor junction, ideal carrier
injection can be ensured.[0050] Further, because the
gate conductor 4OG only covers the semiconductor core
2OC at the channel region 4OC, no undesirable
gate-voltage-dependent Schottky barriers are formed to
impact the device performance. [0051] More
importantly, the gate dielectric layer 42 and the gate
conductor layer 4OG are formed in a self-aligned
manner with respect to the channel region 4OC of the
FET 40, thereby ensuring minimum parasitic capacitance
contributions. [0052] While the invention has been
described herein with reference to specific
embodiments, features and aspects, it will be
recognized that the invention is not thus limited, but
rather extends in utility to other modifications,
variations, applications, and embodiments, and
accordingly all such other modifications, variations,
applications, and embodiments are to be regarded as
being within the spirit and scope of the
invention.CLAIMS What is claimed is: 1. A
semiconductor structure comprising multiple sections
arranged along a longitudinal axis of said
semiconductor structure, wherein a semiconductor core
having a first dopant concentration extends along the
longitudinal axis through the multiple sections of the
semiconductor structure, and wherein a semiconductor
shell having a second, higher dopant concentration
encircles a portion of the semiconductor core at one
or more, but not all, sections of the semiconductor
structure. 2. The semiconductor structure of claim 1,
comprising a middle section and two terminal sections
located at opposite ends of the middle section,
wherein the semiconductor core extends through the
middle section and two terminal sections of the
semiconductor structure, and wherein the semiconductor
shell encircles a portion of the semiconductor core at
the two terminal sections, but not at the middle
section, of the semiconductor structure. 3. The
semiconductor structure of claim 1, which is a
nanostructure having a cross-sectional dimension of
not more than about 100 nm. 4. The semiconductor
structure of claim 1, wherein both the semiconductor
core and the semiconductor shell comprise the same
semiconductor material. 5. The semiconductor structure
of claim 4, wherein the semiconductor core is undoped,
wherein the semiconductor shell is doped with an
n-type dopant. 6. The semiconductor structure of claim
4, wherein the semiconductor core is undoped, wherein
the semiconductor shell is doped with a p-type dopant.
7. The semiconductor structure of claim 4, wherein
both the semiconductor core and the semiconductor
shell are doped with an n-type dopant, wherein the
first dopant concentration ranges from about IO1 1 to
about 10 17 atoms/cm3, andwherein the second, higher
dopant concentration ranges from about 10 17 to about
102 1 atoms/cm3. 8. The semiconductor structure of
claim 4, wherein both the semiconductor core and the
semiconductor shell are doped with a p-type dopant,
wherein the first dopant concentration ranges from
about l q" to about 10 17 atoms/cm3, and wherein the
second, higher dopant concentration ranges from about
10 to about 102 1 atoms/cm3. 9. A method comprising:
forming a semiconductor structure having a
longitudinal axis, wherein a semiconductor core having
a first dopant concentration extends along the
longitudinal axis, and wherein a semiconductor shell
having a second, higher dopant concentration also
extends along the longitudinal axis and encircles the
semiconductor core; and selectively removing a portion
of the semiconductor shell from at least one 



section of the semiconductor structure, so that a
remaining portion of the semiconductor shell encircles
a portion of the semiconductor core at other sections,
but not said at least one section, of the
semiconductor structure. 10. The method of claim 9,
wherein the portion of the semiconductor shell is
selectively removed by: forming a patterned mask layer
to selectively cover the other sections, but not said
at least one section, of the semiconductor structure,
wherein the portion of the semiconductor shell to be
selectively removed is exposed at said at least one
section of the semiconductor structure; oxidizing the
exposed portion of the semiconductor shell to form a
semiconductor oxide at said at least one section of
the semiconductor structure; selectively etching the
semiconductor oxide; and optionally, repeating the
oxidizing and selective etching steps until the
exposed portion of the semiconductor shell is
completely removed to expose an underlying portion of
the semiconductor core at said at least one section of
the semiconductor structure.11. The method of claim 9,
wherein the portion of the semiconductor shell is
removed from a middle section of the semiconductor
structure, so that the remaining portion of the
semiconductor shell encircles a portion of the
semiconductor core at two terminal sections at
opposite ends of the middle section, but not at the
middle section of the semiconductor structure. 12. The
method of claim 9, wherein the semiconductor structure
is a nanostructure having a cross-sectional dimension
of not more than about 100 nm. 13. The method of claim
9, wherein both the semiconductor core and the
semiconductor shell comprise the same semiconductor
material. 14. The method of claim 13, wherein the
semiconductor core is undoped, wherein the
semiconductor shell is doped with an n-type dopant.
15. The method of claim 13, wherein the semiconductor
core is undoped, wherein the semiconductor shell is
doped with a p-type dopant. 16. The method of claim
13, wherein both the semiconductor core and the
semiconductor shell are doped with an n-type dopant,
wherein the first dopant concentration ranges from
about l q" to about 10 17 atoms/cm3, and wherein the
second, higher dopant concentration ranges from about
10 17 to about 102 1 atoms/cm3. 17. The method of
claim 13, wherein both the semiconductor core and the
semiconductor shell are doped with a p-type dopant,
wherein the first dopant concentration ranges from
about 10 1 1 to about 10 17 atoms/cm3, and wherein the
second, higher dopant concentration ranges from about
10 17 to about 102 1 atoms/cm3. 18. A semiconductor
device comprising: a semiconductor structure
comprising a middle section and two terminal sections
located at opposite ends of the middle section along a
longitudinal axis of said semiconductor structure,
wherein a semiconductor core having afirst dopant
concentration extends along the longitudinal axis
through the middle section and the two terminal
sections of the semiconductor structure, and wherein a
semiconductor shell having a second, higher dopant
concentration encircles a portion of the semiconductor
core at the two terminal sections, but not the middle
section, of the semiconductor structure; and a field
effect transistor (FET) comprising a source located at
one of the two terminal sections of the semiconductor
structure, a channel located at the middle section of
the semiconductor structure, a drain located at the
other of the two terminal sections of the
semiconductor structure, and a gate structure over a
portion of the semiconductor core at the middle
section of the semiconductor structure. 19. The
semiconductor device of claim 18, wherein the gate
structure comprises a gate dielectric layer and a gate
conductor layer. 20. The semiconductor device of claim
18, further comprising metal contacts located over the
source and drain of the FET. 21. The semiconductor
device of claim 18, further comprising metal suicide
layers between the metal contacts and the source and
drain of the FET. 



22. A method for forming a semiconductor device,
comprising: forming a semiconductor structure having a
longitudinal axis, wherein a semiconductor core having
a first dopant concentration extends along the
longitudinal axis, and wherein a semiconductor shell
having a second, higher dopant concentration also
extends along the longitudinal axis and encircles the
semiconductor core; selectively removing a portion of
the semiconductor shell from a middle section of the
semiconductor structure, so that a remaining portion
of the semiconductor shell encircles a portion of the
semiconductor core at two terminal sections at
opposite ends of the middle section, but not at the
middle section of the semiconductor structure; and
forming a field effect transistor (FET) from the
semiconductor structure, wherein the FET comprises a
source located at one of the two terminalsections of
the semiconductor structure, a channel located at the
middle section of the semiconductor structure, a drain
located at the other of the two terminal sections of
the semiconductor structure, and a gate structure over
a portion of the semiconductor core at the middle
section of the semiconductor structure. 23. The method
of claim 22, wherein the portion of the semiconductor
shell is selectively removed by: forming a patterned
mask layer to selectively cover the two terminal
sections, but not the middle section, of the
semiconductor structure, wherein the portion of the
semiconductor shell to be selectively removed is
exposed at the middle section of the semiconductor
structure; oxidizing the exposed portion of the
semiconductor shell to form a semiconductor oxide at
the middle section of the semiconductor structure;
selectively etching the semiconductor oxide; and
optionally, repeating the oxidizing and selective
etching steps until the exposed portion of the
semiconductor shell is completely removed to expose an
underlying portion of the semiconductor core at the
middle section of the semiconductor structure. 24. The
method of claim 22, wherein the gate structure
comprises a gate dielectric layer and a gate conductor
layer. 25. The method of claim 24, wherein the FET is
formed by: forming a gate dielectric layer over the
portion of the semiconductor core at the middle
section of the semiconductor structure; and forming a
gate conductor layer over the gate dielectric layer at
the middle section of the semiconductor structure,
wherein the portion of the semiconductor core at the
middle section of the semiconductor structure, which
is covered by the gate dielectric layer and gate
conductor layer, forms the channel of the FET, wherein
one of the two terminal sections located at one end of
the middle section of the semiconductor structure
forms the source of the FET, and wherein the other of
the two terminal sections located at theother,
opposite end of the middle section of the
semiconductor structure forms the drain of the FET.
26. The method of claim 24, further comprising forming
metal contacts over the source and drain of the FET.
27. The method of claim 25, further comprising one or
more annealing steps to form metal suicide layers
between the metal contacts and the source and drain of
the FET. 


