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(57) ABSTRACT 

The present invention generally relates to nanoscale hetero­
structures and, in some cases, to nanowire heterostructures 
exhibiting ballistic transport, and/or to metal-semiconductor 
junctions that that exhibit no or reduced Schottky barriers. 
One aspect of the invention provides a solid nanowire having 
a core and a shell, both of which are essentially undoped. For 
example, in one embodiment, the core may consist essentially 
ofundoped germanium and the shell may consist essentially 
of undoped silicon. Carriers are injected into the nanowire, 
which can be ballistically transported through the nanowire. 
In other embodiments, however, the invention is not limited to 
solid nanowires, and other configurations, involving other 
nanoscale wires, are also contemplated within the scope of 
the present invention. Yet another aspect of the invention 
provides a junction between a metal and a nano scale wire that 
exhibit no or reduced Schottky barriers. As a non-limiting 
example, a nano scale wire having a core and a shell may be in 
physical contact with a metal electrode, such that the Schot­
tky barrier to the core is reduced or eliminated. Still other 
aspects of the invention are directed to electronic devices 
exhibiting such properties, and techniques for methods of 
making or using such devices. 
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NANOWIRE HETEROSTRUCTURES 

RELATED APPLICATIONS 

2 
The subject matter of the present invention involves, in some 
cases, interrelated products, alternative solutions to a particu­
lar problem, and/or a plurality of different uses of one or more 
systems and/or articles. 

In one aspect, the invention provides an electronic device. 
In one set of embodiments, the electronic device includes a 
solid nanowire having a core and at least one shell surround­
ing at least a portion of the core, where the core is essentially 
undoped and consists essentially of germanium, and the shell 

This application is a continuation-in-part of International 
Patent Application No. PCT/US2005/034345, filed Sep. 21, 
2005, entitled "Nanowire Heterostructures," by Lu, et al., 
published as WO 2006/132659 on Dec. 14, 2006, which 
application claims the benefit of U.S. Provisional Patent 
Application Ser. No. 60/687,807, filed Jun. 6, 2005, entitled 
"Nanowire Heterostructures," by Lu, et al. Each of these 
applications is incorporated herein by reference. 

FEDERALLY SPONSORED RESEARCH 

10 is essentially undoped and consists essentially of silicon. In 
some cases, the electronic device also includes a metal elec­
trode in physical contact with at least a portion of the shell, 
where the shell and the metal electrode do not form a Schottky 
barrier. 

15 The electronic device, in another set of embodiments, 
includes a nanowire having a core and at least one shell 
surrounding at least a portion of the core, where the core is 
essentially undoped and consists essentially of a first elemen­
tal semiconductor, and the shell is essentially undoped and 

Research leading to various aspects of the present inven­
tion were sponsored, at least in part, by the Defense Advanced 
Research Projects Agency and the Army Research Office, 
Grant No. DAAD19-02-l-0039, and by the Office of Naval 
Research, Grant No. N00014-04-1-0591. The United States 
Government may have certain rights in the invention. 

FIELD OF INVENTION 

20 consists essentially of a second elemental semiconductor dif­
ferent from the first elemental semiconductor. The device 
may also include, in certain cases, a metal electrode in physi­
cal contact with at least a portion of the shell, where the shell 
and the metal electrode do not form a Schottky barrier, and/or 

The present invention generally relates to nanoscale het­
erostructures and, in some cases, to nanowire heterostruc­
tures exhibiting ballistic transport, and/or to metal-semicon­
ductor junctions that exhibit no or reduced Schottky barriers. 

25 form a Schottky barrier ofless than about 0.5 eV. 
In still another set of embodiments, the electronic device 

includes a nanowire having a core and at least one shell 
surrounding at least a portion of the core, where the core is 
essentially free of dopants (i.e., atomic dopants) able to pro-

BACKGROUND 

Interest in nanotechnology, in particular sub-microelec­
tronic technologies such as semiconductor quantum dots and 
nanowires, has been motivated by the challenges of chemistry 
and physics at the nanoscale, and by the prospect of utilizing 
these structures in electronic and related devices. 

30 duce charge carriers, and the shell is essentially free of 
dopants able to produce charge carriers. In some embodi­
ments, the device also can include a metal electrode in physi­
cal contact with at least a portion of the shell, where the shell 
and the metal electrode do not form a Schottky barrier and/or 

35 form a Schottky barrier ofless than 0.5 eV. 
In yet another set of embodiments, the electronic device 

includes a nano scale wire in physical contact with a metal. In 
some cases, the nanoscale wire and the metal do not form a 
Schottky barrier and/or form a Schottky barrier of less than 

40 0.5 eV. According to still another set of embodiments, the 
electronic device includes a nano scale wire in electrical com­
munication with a non-nanoscale electrical contact. In some 
instances, between the nanoscale wire and the non-nanoscale 
contact, exists no Schottky barrier or a Schottky barrier ofless 

A semiconductor nanowire, in an electronic device, is often 
fabricated in physical contact with one or more electrodes, 
which allow the nanowire to be interfaced with the rest of the 
device. Such electrodes are often metal, for example, gold or 
silver. However, the metal-semiconductor junction between 
the electrode and the nanowire creates a Schottky barrier, 
which inhibits conductance or transconductance measure­
ments of the nanowire or otherwise impedes its performance. 
While Schottky barriers can be reduced by increasing dopant 
concentrations within the semiconductor nanowire, such 
increases in dopant concentrations will generally reduce the 
mobility of the charge carriers within the nanoscale wire, 
which can impede the performance of the nanowire. How­
ever, reducing dopant concentrations within the semiconduc- 50 

tor nanowire will reduce the number of available charge car­
riers within the nanoscale wire, and it would be expected by 
those of ordinary skill in the art that such a reduction in dopant 
concentration would decrease the conductivity of the nanow­
ire, ultimately rendering it an insulator if no charge carriers 55 

are present. 

45 than 0.5 eV. 

Accordingly, techniques are needed to improve properties 
of semiconductors, e.g. allowing the creation of metal-semi­
conductor junctions essentially free of Schottky barriers 
between the metal electrode and the semiconductor nanowire. 60 

SUMMARY OF THE INVENTION 

The present invention generally relates to nanoscale het­
erostructures and, in some cases, to nanowire heterostruc- 65 

tures exhibiting ballistic transport, and/or to metal-semicon­
ductor junctions that exhibit no or reduced Schottky barriers. 

Another set of embodiments of the invention provides an 
FET comprising a nanowire having a transconductance of at 
least about 30 microsiemens. Still another set of embodi­
ments provides an FET comprising a nanowire having an on 
current of at least about 10 microamps. In one set of embodi­
ments, the invention includes an FET comprising a nanowire 
having a scaled transconductance of at least about 1 mA/mi­
cron. In another set of embodiments, the invention includes 
an FET comprising a nanowire having a scaled on current of 
at least about 0.1 mA/micron. 

In another aspect, the invention is a method. According to 
one set of embodiments, the method includes acts ofinjecting 
carriers into a solid nanowire having a core and at least one 
shell surrounding at least a portion of the core, where the core 
is essentially undoped and consists essentially of germanium, 
and the shell is essentially undoped and consists essentially of 
silicon. In some cases, the method also includes an act of 
ballistically transporting the carriers through at least a portion 
of the solid nanowire. 

The method, according to another set of embodiments, 
includes acts of providing a nano scale wire having a surface 
having a work function, selecting a metal having a work 
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function essentially equal to the work function of the surface 
of the nano scale wire, and contacting the metal and the nanos­
cale wire. In yet another set of embodiments, the method 
includes acts of providing a metal having a work function, 
preparing a nanoscale wire having a surface having a work 
function essentially equal to the work function of the metal, 
and contacting the metal and the nanoscale wire. 

In another aspect, the present invention is directed to a 
method of making one or more of the embodiments described 
herein, for example, a nanowire heterostructure. In yet 10 

another aspect, the present invention is directed to a method 
of using one or more of the embodiments described herein, 
for example, a nanowire heterostructure. In still another 
aspect, the present invention is directed to a method of pro­
moting one or more of the embodiments described herein, for 15 

example, a nanowire heterostructure. 
Other advantages and novel features of the present inven­

tion will become apparent from the following detailed 
description of various non-limiting embodiments of the 
invention when considered in conjunction with the accompa- 20 

nying figures. In cases where the present specification and a 
document incorporated by reference include conflicting and/ 
or inconsistent disclosure, the present specification shall con­
trol. If two or more documents incorporated by reference 
include conflicting and/or inconsistent disclosure with 25 

respect to each other, then the document having the later 
effective date shall control. 

BRIEF DESCRIPTION OF THE DRAWINGS 
30 

4 
DETAILED DESCRIPTION 

The present invention generally relates to nanoscale het­
erostructures and/or heterostructures or junctions between 
nanoscale components and larger components. The semicon­
ductor nanoscale components of the invention may exhibit 
unusual electronic properties due to quantum effects at the 
nanoscale. In some cases, the invention relates to nanowire 
heterostructures exhibiting ballistic transport, and/or to 
metal-semiconductor junctions that that exhibit no or reduced 
Schottky barriers. One aspect of the invention provides a solid 
nanowire having a core and a shell, both of which are essen­
tially undoped. Surprisingly, it has been found that a solid 
nanowire can transport charge using a ballistic transport pro­
cess in a manner significantly different from the identical 
(compositionally) material in larger, non-nanoscale form. It 
would have been expected by those of ordinary skill in the art 
that a nanoscale wire that is not doped has significantly 
reduced conductivity, e.g., acts as an insulator, as there would 
be no dopants within the nano scale wire able to create charge 
carriers. As an alternative to chemical dopants, previous 
experiments of others, in which charge carriers were elec­
tronically injected into undoped semiconductor materials, 
have failed to show any charge transport. Although prior 
experiments have shown transport in doped core/shell nanow­
ires, as discussed above, it was believed by those of ordinary 
skill in the art that the dopants within the nanowire created the 
charge carriers for transport, and thus the dopants within the 
nanowire were essential for transport. 

In contrast, in certain aspects of the present invention, 
solid, undoped nanowires, for example, comprising a core 
and at least one shell, can nevertheless transport charge car­
riers therein. In one embodiment, the core may consist essen­
tially of undoped germanium and the shell may consist essen-

Non-limiting embodiments of the present invention will be 
described by way of example with reference to the accompa­
nying figures, which are schematic and are not intended to be 
drawn to scale. In the figures, each identical or nearly identi­
cal component illustrated is typically represented by a single 
numeral. For purposes of clarity, not every component is 
labeled in every figure, nor is every component of each 
embodiment of the invention shown where illustration is not 
necessary to allow those of ordinary skill in the art to under­
stand the invention. In the figures: 

35 tially of undoped silicon, i.e., the undoped material is 
essentially free of other atoms or "dopants." Carriers are 
injected into the nanowire, which can be ballistically trans­
ported through the nanowire. In other embodiments, however, 
the invention is not limited to solid nanowires, and other 

FIGS. lA-lC illustrate certain Ge/Si nanowires in accor­
dance with one embodiment of the invention; 

FIGS. 2A-2B illustrate electrical transport in certain Ge/Si 
nanowires, in accordance with another embodiment of the 
invention; 

FIGS. 3A-3D illustrate various properties of certain unan­
nealed Ge/Si nanowires of yet another embodiment of the 
invention; 

FIGS. 4A-4B illustrate ballistic transport in still another 
embodiment of the invention; and 

FIGS. SA-SC illustrate various properties of certain Ge/Si 
nanowires of still another embodiment of the invention; 

FIGS. 6A-6B illustrate various properties of certain Ge/Si 
nanowire field effect transistors (FE Ts), in yet another 
embodiment of the invention; 

FI GS. 7 A-7E illustrate various NWFETs produced accord­
ing to one embodiment of the invention; 

FIGS. SA-SC illustrate characteristics of various 
NWFETs, produced according to certain embodiments of the 
invention; 

FIGS. 9A-9B illustrate characteristics of certain FETs, in 
another embodiment of the invention; 

40 configurations, involving other nano scale wires, are also con­
templated within the scope of the present invention. Yet 
another aspect of the invention provides a junction between a 
metal and a nanoscale wire that exhibit no or reduced Schot­
tky barriers. As a non-limiting example, a nanoscale wire 

45 having a core and a shell may be in physical contact with a 
metal electrode, such that the Schottky barrier to the core is 
reduced or eliminated. Still other aspects of the invention are 
directed to electronic devices exhibiting such properties, and 

50 

techniques for methods of making or using such devices. 
Certain aspects of the present invention include a nano s-

cale wire (or nanoscopic wire) or other nanostructured mate­
rial comprising one or more semiconductor and/or metal 
compounds. In some cases, the semiconductors and/or metals 
may be positioned to be in physical contact with each other 

55 (e.g., a "heterojunction"), and/or chemically and/or physi­
cally combined. In one set of embodiments, the nanoscale 
wire is positioned in physically contact with a larger, non­
nanoscale metal. The nanoscopic wire may be, for example, a 
nanorod, a nanowire, a nanowhisker, or a nanotube. The nano-

60 scopic wire may be used in a device, for example, as a semi­
conductor component, a pathway, etc. The selection of suit­
able metals and/or semiconductors will be apparent and 
readily reproducible by those of ordinary skill in the art with FIGS. lOA-lOE illustrate control of voltage and conduc­

tion, according to other embodiments of the invention; and 
FIG. 11 illustrates length dependence of the nanowire 65 

inverse-transconductance, in another embodiment of the 

the benefit of the present disclosure. 
Many nanoscale wires as used in accordance with the 

present invention are "isolated" or "free-standing" nanoscale 
wires. As used herein, "isolated nanoscale wire" means a invention. 
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nanoscale wire that is free of contact with another nanoscale 
wire. A "free-standing" nanoscale wire is a wire that is not 
attached to another article, and/or is made by a process in 
which, in at least one step, it is not in contact with or attached 
to another article, i.e., a free-standing nanoscale wire is 
defined by material that does not rely for its distinction, from 
other material, solely on the basis of its composition, but 
rather on its structure. A free-standing nanoscale wire is one 
that, in at least one step of its fabrication and use (e.g., prior to 
its being adhered, soldered, or the like to another material), 
can be readily removed from contact with surrounding mate­
rials without degrading its usefulness as a nanoscale wire (in 
contrast to the example, above, of the nano scale doped sec­
tion of a larger material). A free-standing nanoscale wire of 
the invention is also distinguished from nanotubes produced 
primarily by laser vaporization techniques that produce mate­
rials formed as ropes having diameters of about 2 nm to about 
50 nm or more and containing many individual nanotubes. A 
free-standing nanoscale wire of the invention is also distin­
guished from conductive portions of articles which differ 
from surrounding material only by having been altered 
chemically or physically, in situ, i.e., where a portion of a 
uniform article is made different from its surroundings by 
selective doping, etching, etc. An "individual" or a "free­
standing" article is one that can be (but need not be) removed 
from the location where it is made, as an individual article, 
and transported to a different location and combined with 
different components to make a functional device such as 
those described herein and those that would be contemplated 
by those of ordinary skill in the art upon reading this disclo­
sure. 

In some embodiments, the invention includes a nanoscale 
wire (or other nano structured material) that is a single crystal. 
As used herein, a "single crystal" item (e.g., a semiconductor) 
is an item that has covalent bonding, ionic bonding, or a 
combination thereof throughout the item. Such a single-crys­
tal item may include defects in the crystal, but is to be distin­
guished from an item that includes one or more crystals, not 
ionically or covalently bonded, but merely in close proximity 
to one another. 

The nano scale wire (or other nano structured material) may 
comprise two or more regions having different compositions. 
Two or more regions having different compositions within the 
nanoscale wire that are in physical contact may define a 
"heterojunction." The heterojunction may be, for example, a 
semiconductor/semiconductor junction, a semiconductor/ 
metal junction, a semiconductor/insulator junction, a metal/ 
metal junction, a metal/insulator junction, an insulator/insu­
lator junction, or the like. The heterojunction may also be, for 
example, a heterojunction of two materials, an undoped semi­
conductor to an undoped or a doped semiconductor, or a 
junction between regions having different dopant concentra­
tions. The heterojunction may also be, for instance, a p/n 
junction, a pip junction, an n/n junction, a p/i junction (where 
i refers to an intrinsic semiconductor), an n/i junction, an i/i 
junction, or the like. The heterojunction may also be a 
defected region to a perfect single crystal, an amorphous 
region to a crystal, a crystal to another crystal, an amorphous 
region to another amorphous region, a defected region to 
another defected region, an amorphous region to a defected 
region, or the like. As an example, a p/n junction may be 
defined by at least one n-type semiconductor and at least one 
p-type semiconductor positioned adjacent to each other 
within the nano scale wire, where at least one portion of each 
region contacts at least one portion of the other region, and 
each semiconductor including portions that do not contact the 
other component. 

6 
In some embodiments, the heterojunction between two 

differing regions (e.g., between a core and shell, between 
different longitudinal regions of a core or shell, between two 
different shells, etc.) may be "atomically-abrupt," where 
there is a sharp transition at the atomic scale between two 
adjacent regions that differ in composition. However, in other 
embodiments, the junction between two differing regions 
may be more gradual. For example, the "overlap region" 
between the adjacent regions may be a few nanometers wide, 

10 for example, less than about 10 nm, less than about 20 nm, 
less than about 40 nm, less than about 50 nm, less than about 
100 nm, or less than about 500 nm. In certain embodiments, 
the overlap region between a first region having a composi­
tion and a second region having a composition different from 

15 the first region (i.e., different concentrations or different spe­
cies) can be defined as the distance between where the com­
position of the overlap region ranges between about 10 vol % 
and about 90 vol% of the composition of the first region, with 
the remainder having a complementary amount of the com-

20 position of the second region. In certain embodiments of the 
invention, nanoscale wires having more than one junction 
between two regions having different compositions are also 
contemplated. For example, a nanoscale wire may have 2, 3, 
4, or more overlap regions. The number of periods and the 

25 repeat spacing may be constant or varied during growth. 
More than two regions may be present within the nanoscale 

wire, and these regions may have unique compositions or may 
comprise the same compositions. As one example, a wire may 
have a first region having a first composition, a second region 

30 having a second composition, and a third region having a third 
composition or the same composition as the first composition. 
Each region of the nanoscale wire may have any shape or 
dimension, and these can be the same or different between 
regions. For example, a region may have a smallest dimension 

35 of less than 1 micron, less than 100 nm, less than 10 nm, or 
less than 1 nm. In some cases, one or more regions may be a 
single monolayer of atoms (i.e., "delta-doping"). In certain 
cases, the region may be less than a single monolayer thick 
(for example, if some of the atoms within the monolayer are 

40 absent). 
In some embodiments, a gradual change in composition 

between two adjacent regions may relieve strain and may 
enable the defect free junctions and superlattices. However, in 
other embodiments, atomically-abrupt interfaces may be 

45 desirable, for example, in certain photonic and electronic 
applications. The nature of the interface between the two 
adjacent regions may be controlled by any suitable method, 
for example, by using different nanocluster catalysts or vary­
ing the growth temperature when reactants are switched dur-

50 ing synthesis. Nanoscale wires having atomically abrupt 
regions may be fabricated, for example, by reducing the 
diameter of the nano scale wire, for example, by reducing the 
size of the starting nanocluster, or by controlling exposure of 
the growing wire to dopant gases, for example, by selectively 

55 purging or evacuating the region surrounding the wire 
between different gas exposures or reaction conditions. All of 
these embodiments can be provided with one, or multiple 
shells. These shells can be of the same or different composi­
tion relative to each other, and any of the shells can be of the 

60 same composition of a segment of the core, or of a different 
composition, or can contain the same or different concentra­
tion of a dopant as is provided in a section of the core. The 
shells may be grown using any suitable growth technique, for 
example, including the techniques described herein, such as 

65 CVD or LCG. 
The two or more regions may be radially arranged (e.g., as 

in a core/shell arrangement), and/or longitudinally arranged 
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relative to each other within the nano scale wire. As a specific 
example, the regions may be arranged in a layered structure 
within the nanoscale wire, and one or more of the regions may 
be delta-doped or at least partially delta-doped. As another 
example, the nanoscale wire may have multiple regions of 
semiconductor materials arranged longitudinally. In another 
example, a nanoscale wire may have two regions having 
different compositions arranged longitudinally, surrounded 

8 
where the core and/or any shells can vary in composition 
and/or concentration longitudinally, any shell sections can be 
spaced from any other shell sections longitudinally, and dif­
ferent numbers of shells can be provided at different locations 
longitudinally along the structure. 

In some embodiments, each region of the nanoscale wire 
may be doped or essentially undoped, i.e., the region of the 
nano scale wire does not contain dopant at a concentration that 
is sufficient to produce a significant fraction of the charge by a third region or several regions, each having a composi­

tion different from that of the other regions. As another 
example, the nanoscale wire may have a series of regions 
positioned both longitudinally and radially relative to each 
other. The arrangement can include a core that differs in 
composition along its length (changes in composition or con­
centration longitudinally), while the lateral (radial) dimen­
sions of the core do, or do not, change over the portion of the 
length differing in composition. The shell portions can be 
adjacent each other (contacting each other, or defining a 
change in composition or concentration of a unitary shell 
structure longitudinally), or can be separated from each other 
by, for example, air, an insulator, a fluid, or an auxiliary, 
non-nanoscale wire component. The shell portions can be 
positioned directly on the core, or can be separated from the 
core by one or more intermediate shells portions that can 
themselves be constant in composition longitudinally, or 
varying in composition longitudinally, i.e., the invention 
allows the provision of any combination of a nanowire core 
and any number of radially-positioned shells (e.g., concentric 
shells), where the core and/or any shells can vary in compo­
sition and/or concentration longitudinally, any shell sections 
can be spaced from any other shell sections longitudinally, 
and different numbers of shells can be provided at different 
locations longitudinally along the structure. 

1 o carriers within the nanoscale wire. For example, a dopant may 
be present in an essentially undoped such that about 80%, 
about 90%, about 95%, or nearly 100% of the charge carriers 
within the nanoscale wire do not arise from dopant. In some 
cases, there are no dopants present in a region of a nanoscale 

15 wire at a detectable level. In some embodiments, an essen­
tially undoped region of the nanoscale wire may be an 
elemental semiconductor, i.e., an element that is semi conduc­
tive, for example, silicon, germanium, tin, selenium, tellu­
rium, boron, diamond (carbon), phosphorous, etc. Thus, as 

20 specific, non-limiting examples, a nanowire may comprise a 
core comprising or consisting essentially of germanium (or 
silicon), and a shell comprising or consisting essentially of 
silicon (or germanium); a core comprising or consisting 
essentially of germanium, a first shell surrounding at least a 

25 portion of the core comprising or consisting essentially of 
silicon, and a second shell surrounding at least a portion of the 
first shell comprising or consisting essentially of germanium, 
etc. 

If a dopant is present, the dopant may be, for example, a 
30 solid solution of various elemental semiconductors. 

The regions of the nanoscale wire may be distinct from 
each other with minimal cross-contamination, or the compo- 35 

sition of the nanoscale wire may vary gradually from one 
region to the next. The regions may be both longitudinally 
arranged relative to each other, or radially arranged (e.g., as in 
a core/shell arrangement) on the nanoscale wire. As one 
example, the nanoscale wire may have multiple regions of 40 

alternating semiconductor materials arranged longitudinally, 
each having a segment length of about 500 nm. In another 
example, a nanoscale wire may have two regions having 
different compositions arranged longitudinally, surrounded 
by a third region or more having a composition different from 45 

that of the other regions. As a specific example, the regions 
may be arranged in a layered structure within the nanoscale 
wire, and one or more of the regions may be delta-doped or 
partially delta-doped. One example of a nanoscale wire 
includes at least one core portion, that is constant in compo- 50 

sition along its length, and includes at least two shell portions, 
arranged longitudinally relative to each other, each of which 
is radially arranged relative to the core, each differing from 
the other in composition. The arrangement can include a core 
that differs in composition along its length (changes in com- 55 

position or concentration longitudinally). The shell portions 
can be adjacent each other (contacting each other, or defining 
a change in composition or concentration of a unitary shell 
structure longitudinally), or can be separated from each other 
by, for example, air, an insulator, a fluid, or an auxiliary, 60 

non-nanowire component. The shell portions can be posi­
tioned directly on the core, or can be separated from the core 
by one or more intermediate shells portions that can them­
selves be consistent in composition longitudinally, or varying 
in composition longitudinally. That is, the invention allows 65 

the provision of any combination of a nanowire core and any 
number of radially-positioned shells (e.g., concentric shells), 

Examples include a mixture of boron and carbon, a mixture of 
boron and P(BP 6), a mixture ofboron and silicon, a mixture of 
silicon and carbon, a mixture of silicon and germanium, a 
mixture of silicon and tin, a mixture of germanium and tin, 
etc. In some embodiments, the dopant may include mixtures 
of Group IV elements, for example, a mixture of silicon and 
carbon, or a mixture of silicon and germanium. In other 
embodiments, the dopant may include mixtures of Group III 
and Group V elements, for example, BN, BP, BAs, AlN, AlP, 
AlAs, Al Sb, GaN, GaP, GaAs, GaSb, InN, InP, InAs, or InSb. 
Mixtures of these combinations may also be used, for 
example, a mixture of BN/BP/BAs, or BN/AlP. In other 
embodiments, the dopants may include mixtures of Group III 
and Group V elements. For example, the mixtures may 
include AlGaN, GaPAs, InPAs, GalnN, AlGalnN, GalnAsP, 
or the like. In other embodiments, the dopants may also 
include mixtures of Group II and Group VI elements. For 
example, the dopant may include mixtures of ZnO, ZnS, 
ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, BeS, 
BeSe, BeTe, MgS, MgSe, or the like. Alloys or mixtures of 
these dopants are also be possible, for example, ZnCdSe, or 
ZnSSe or the like. Additionally, mixtures of different groups 
of semiconductors may also be possible, for example, com­
binations of Group II-Group VI and Group III-Group Vele­
ments, such as (GaAsMZnS)1 _x· Other non-limiting 
examples of dopants may include mixtures of Group IV and 
Group VI elements, for example GeS, GeSe, GeTe, SnS, 
SnSe, SnTe, PbO, PbS, PbSe, Pb Te, etc. Other dopant mix­
tures may include mixtures of Group I elements and Group 
VII elements, such as CuF, CuCl, CuBr, Cul, AgF, AgCl, 
AgBr, Agl, or the like. Other dopant mixtures may include 
different mixtures of these elements, such as BeSiN 2 , CaCN 2 , 

ZnGeP2 , CdSnAs2 , ZnSnSb2 , CuGeP3 , CuSi2P3 , Si3N4 , 

Ge3N4 , Al2 0 3 , (Al, Ga, In MS, Se, Te )3 , Al2 CO, (Cu, Ag)(Al, 
Ga, In, Tl, Fe )(S, Se, Te )2 , Hf02 , Zr02 , or the like. 

In some embodiments, the nano scale wires of the invention 
may exhibit ballistic transport, i.e., the transport of carriers, 
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semiconductor and a metal electrode may be chosen such that 
the Schottky barrier between the nanowire and the semicon­
ductor core may be reduced or be essentially eliminated. 
Those of ordinary skill in the art will know of techniques for 
measuring the height of the Schottky barrier and/or the dif­
ference in work function or energy level in a metal-semicon­
ductor junction, e.g., by measuring current-voltage character­
istics of the metal-nanoscale wire junction, and/or by 
temperature dependence of current through the metal-nanos-

such as electrons, through a nanoscale wire such that there is 
low or negligible scattering. Thus, in ballistic transport, the 
mean free path of the carriers (i.e., the average distance a 
carrier such as an electron can travel in a straight line before 
being scattered, e.g., by an impurity atom or the collective 
motion of atoms) through the nano scale wire is significantly 
greater than the distance between scattering centers within 
the nanoscale wire, and in some cases, is comparable to the 
length of the nano scale wire, e.g., the mean free path of the 
carriers within the nano scale wire may be on the order of at 
least tens of nanometers. Ballistic transport may be enhanced, 

10 cale wire junction, and/or by referencing published values of 
work functions for various materials. An example of such a 
technique is discussed in the Example, below. in some cases, through the use of nano scale wires (or portions 

thereof) that are essentially undoped. Without wishing to be 
bound to any theory, it is believed that, in a nano scale wire (or 
portion thereof) that is essentially undoped, the relative lack 15 

of dopants, which contribute to the scattering of carriers, 
allows increased ballistic transport of carriers within the 
nano scale wire to occur. In some cases, the mean free path of 
the carriers within the nano scale wire may be at least about 5 
nm, at least about 10 nm, at least about 30 nm, at least about 20 

100 nm, at least about 200 nm, at least about 300 nm, at least 
about 400 nm, or at least about 500 nm or more. Such ballistic 
transport may be observed at low temperatures (e.g., less than 
about 5 K, less than about 10 K, less than about 50 K, less than 
about 100 K, etc.), and in some cases, at higher temperatures, 25 

including room temperature (about 25° C.), for instance, by 
reducing scattering from the collective motion of atoms. 

As mentioned, in some embodiments, carriers may be 
"injected" into a nano scale wire of the invention, such as a 
nanoscale wire that includes an essentially undoped portion. 30 

Any electrical injection source may be used. For example, 
electrical injection may be accomplished through a crossed 
wire configuration (i.e., where another nanoscale wire con­
tacts the nano scale wire), an electrode or distributed electrode 
configuration that contacts the nanoscale wire, and/or a core/ 35 

shell configuration or other heterostructure configuration (for 
example, from a shell region to the core region or vice versa, 
or from a second longitudinally positioned region, etc.). The 
carriers to be injected into the device include (n-type) elec­
trons or (p-type) "holes," depending on the particular appli- 40 

cation. 

As another example, in the case of a Ge/Si core/shell 
nanowire with nickel contacts at proper annealing conditions, 
the Schottky barrier to the Ge core may be reduced and/or 
eliminated (or equivalently, the device exhibits a negative 
Schottky potential), i.e., the contacts may be said to be "trans­
parent." If the carriers can be transported ballistically through 
the nanowire, the conductance of the nanowire may exhibit 
quantized or discrete levels (e.g., as a function of e2/h). 

In some cases, the Schottky barrier may be reduced at least 
to a level such that the conductance or transconductance of 
the nano scale wire can be determined to exist in quantized or 
discrete levels (e.g., as a function of e2/h) using the metal 
electrodes. For example, the Schottky barrier may be not 
essentially eliminated, but the barrier may be reduced such 
that the Schottky barrier between the semiconductor and the 
metal is less than about 1 eV, less than about 0.9 eV, less than 
about 0.8 eV, less than about 0.7 eV, less than about 0.65 eV, 
less than about 0.6 eV, less than about 0.55 eV, less than about 
0.5 eV, less than about 0.45 eV, less than about 0.4 eV, less 
than about 0.35 eV, less than about 0.3 eV, less than about 0.25 
eV, less than about 0.2 eV, less than about 0.15 eV, less than 
about 0.1 eV, or less than about 0.05 eV. 

It should be noted that the present invention is not limited 
to metal-semiconductor junctions between a core/shell 
nanowire and a metal electrode. Any nanoscale wire, or other 
nano scale structure, having a semiconductor portion in physi­
cal contact with a metal electrode, in which no Schottky 
barrier is created between the metal and the semiconductor, is 
also contemplated within the present invention. In addition, 
the present invention includes embodiments in which no 
Schottky barrier is present between the nanoscale wire and a 

In one set of embodiments, the carriers are injected into the 
nanoscale wire using an electrode, such as a metal electrode. 
Examples of potentially suitable metals for the metal elec­
trode include, but are not limited to, nickel, gold, silver, 
copper, zinc, cadmium, iron, nickel, cobalt, aluminum, chro­
mium, platinum, tungsten, or the like, as well as combinations 
thereof. In some cases, the nanowire heterostructure is 
designed such that a reduced, or essentially no Schottky bar­
rier is created between the metal electrode and the nano scale 50 

45 non-nanoscale electrical contact. For example, an electrode 
or other device may be in electrical communication with both 
the nanoscale wire and the non-nanoscale electrical contact, 
where the junctions between such components are not Schot-

wire. A Schottky barrier, as is known to those of ordinary skill 
in the art, is a metal-semiconductor junction where there is a 
mismatch in the energy position of the majority carrier band 
edge of the semiconductor and the metal Fermi level, for 
example, between the conduction band minimum and the 
Fermi level for an n-type semiconductor, or the valence band 
maximum of the semiconductor and the metal Fermi level for 
a p-type semiconductor. Such a barrier may limit the perfor­
mance of the nanoscale device, or may prevent accurate con­
ductance or transconductance measurements of the nano scale 
wire to be taken using metal electrodes. 

In some embodiments of the present invention, by choos­
ing a semiconductor and selecting an appropriate metal (and/ 
or by choosing a metal and selecting an appropriate semicon­
ductor), the Schottky barrier between the semiconductor and 
the metal may be reduced or be essentially eliminated. As a 
particular non-limiting example, in a core/shell nanowire, a 

tky barriers. 

Such junctions that are essentially free of Schottky barriers 
allows the fabrication of certain high performance devices. 
For example, a FET or other electronic device may be fabri­
cated using a core/shell nanowire of the invention, such as a 
Ge/Si core/shell nanowire. Significantly higher transconduc-

55 tances i.e., the change in the drain/source current, divided by 
the change in the gate/drain voltage when a constant drain/ 
source voltage is applied) may be measured in such a nanow­
ire device, for example, transconductances of at least about 10 
microsiemens, at least about 20 microsiemens, at least about 

60 30 microsiemens, at least about 40 microsiemens, at least 
about 50 microsiemens, at least about 60 microsiemens, at 
least about 75 microsiemens, at least about 100 microsi­
emens, or more in some cases. In other cases, the FET or other 
electronic device may display a significant "on" current, e.g., 

65 an "on" current of at least about 10 microamps, at least about 
20 microamps, at least about 30 microamps, at least about 40 
microamps, at least about 50 microamps, at least about 60 
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microamps, at least about 75 microamps, at least about 100 
microamps, or more in some cases. 

In still other cases, the FET or other electronic device may 
display significantly higher "scaled" transconductances or 
"on" currents, relative to other, planar devices. For example, 
on a scaled basis (i.e., per unit length), the transconductance 

12 
and can readily be carried out by those of ordinary skill in the 
art. Nanoscale wires may also be grown through laser cata­
lytic growth. With the same basic principles as LCG, if uni­
form diameter nanoclusters (less than 10% to 20% variation 
depending on how uniform the nanoclusters are) are used as 
the catalytic cluster, nanoscale wires with uniform size (di­
ameter) distribution can be produced, where the diameter of 
the wires is determined by the size of the catalytic clusters. By 
controlling growth time, nanoscale wires with different 

of the FET orother electronic device may be at least about 100 
microsiemens/micron, at least about 300 microsiemens/mi­
cron, at least about 1 mS/micron, at least about 2 mS/micron, 
at least about 3 mS/micron, at least about 4 mS/micron, or at 
least about 5 mS/micron or more in some instances. As 
another example, on a scaled basis, the "on" current may be at 
least about 100 microamps/micron, at least about 300 micro­
amps/micron, at least about 400 microamps/micron, at least 
about 500 microamps/micron, at least about 600 microamps/ 
micron, at least about 700 microamps/micron, at least about 
800 microamps/micron, at least about 900 microamps/mi­
cron, at least about 1 mA/micron, at least about 2 mA/micron, 

10 lengths can be grown. 
One technique that may be used to grow nanoscale wires is 

catalytic chemical vapor deposition ("C-CVD"). In C-CVD, 
reactant molecules are formed from the vapor phase. If dop­
ing is desired, the nano scale wires may be doped by introduc-

at least about 3 mA/micron, at least about 4 mA/micron, at 
least about 5 mA/micron, at least about 6 mA/micron, at least 
about 7 mA/micron, at least about 10 mA/micron, or more in 
some instances. 

15 ing the doping element into the vapor phase reactant (e.g. 
diborane and phosphane ). The doping concentration may be 
controlled by controlling the relative amount of the doping 
compound introduced in the composite target. The final dop­
ing concentration or ratios are not necessarily the same as the 

20 vapor-phase concentration or ratios. By controlling growth 
conditions, such as temperature, pressure or the like, nanos­
cale wires having the same doping concentration may be 
produced. Other embodiments of the present invention include the 

ability to fabricate essentially any electronic device using 
components such as those described above, such as hetero­
junction nanowires or metal-semiconductor junctions that is 
not or exhibits a reduced Schottky barrier. Examples of such 
devices include, but are not limited to, field effect transistors 
(FETs), bipolar junction transistors (BJTs), tunnel diodes, 
modulation doped superlattices, complementary inverters, 
light emitting devices, light sensing devices, biological sys­
tem imagers, biological and chemical detectors or sensors, 
thermal or temperature detectors, Josephine junctions, nanos­
cale light sources, photodetectors such as polarization-sensi­
tive photodetectors, gates, inverters, AND, NAND, NOT, OR, 35 

TOR, and NOR gates, latches, flip-flops, registers, switches, 
clock circuitry, static or dynamic memory devices and arrays, 
state machines, gate arrays, and any other dynamic or sequen­
tial logic or other digital devices including programmable 
circuits. Also included are analog devices and circuitry, 40 

including but not limited to, amplifiers, switches and other 
analog circuitry using active transistor devices, as well as 
mixed signal devices and signal processing circuitry. Also 
included are devices with low turn-on voltages; devices with 
high turn-on voltages; and computational devices such as a 45 

half-adder. Furthermore, junctions having large dielectric 
contrasts between the two regions may be used to produce ID 
waveguides with built-in photonic band gaps, or cavities for 
nanoscale wire lasers. In some embodiments, the nanoscale 
wires of the present invention may be manufactured during 50 

the device fabrication process. In other embodiments, the 
nano scale wires of the present inventions may first be synthe­
sized, then assembled in a device. In one set of embodiments, 
the invention includes a nanoscale inverter. Any nanoscale 
inverter may be contemplated that is constructed using adja- 55 

cent regions having different compositions. In another set of 
embodiments, the invention includes a nanoscale diode. Any 
nanoscale diode may be contemplated that is constructed 
using adjacent regions having different compositions, for 
example, Zener diodes, tunnel diodes, light-emitting diodes, 60 

and the like. 
In various aspects, the present invention includes a method 

of preparing a nanostructure. Certain arrangements may uti­
lize metal-catalyzed CVD techniques ("chemical vapor depo­
sition") to synthesize individual nanoscale wires. CVD syn­
thetic procedures useful for preparing individual wires 
directly on surfaces and in bulk form are generally known, 

To produce a nanoscale wire having adjacent regions hav-
25 ing different compositions within a nanoscale wire, the ratio 

of gas reactant may be varied (e.g. from about 1 ppm to about 
10%, from about 10 ppm to about 20%, from about 100 ppm 
to about 50%, or the like), and/or the types of gas reactants 
used may be altered during growth of the nanoscale wire. The 

30 gas reactant ratio or the type of gas reactants used may be 
altered several times during growth of the nanoscale wire, 
which may produce nanoscale wires comprising regions hav­
ing multiple compositions, all of which may or may not be 
unique. 

Another technique for direct fabrication of nano scale wire 
junctions during synthesis is referred to as laser catalytic 
growth ("LCG"). In LCG, reactants and/or dopants are con­
trollably introduced during vapor phase growth of nanoscale 
wires. Laser vaporization of a composite target composed of 
a desired material (e.g. silicon, germanium, indium phos­
phide, etc.) and a catalytic material (e.g. a nanoparticle cata-
lyst) may create a hot, dense vapor. The vapor may condense 
into liquid nanoclusters through collision with a buffer gas. 
Growth may begin when the liquid nanoclusters become 
supersaturated with the desired phase and can continue as 
long as reactant is available. Growth may terminate when the 
nanoscale wire passes out of the hot reaction zone and/or 
when the temperature is decreased. The nanoscale wire may 
be further subjected to different semiconductor reagents dur­
ing growth. 

In LCG, vapor phase semiconductor reactants required for 
nanoscale wire growth may be produced by laser ablation of 
solid targets, vapor-phase molecular species, or the like. To 
create a junction within a nano scale wire, the addition of the 
first reactant may be stopped during growth, and then a sec­
ond reactant may be introduced for the remainder of the 
synthesis. Repeated modulation of the reactants during 
growth is also contemplated, which may produce nanoscale 
wire superlattices. LCG also may require a nanocluster cata­
lyst suitable for growth of the different superlattice compo­
nents, for example, a gold nanocluster catalyst can be used in 
a wide-range of III-V and IV materials, for example, silicon, 
germanium, etc. Nearly monodisperse metal nanoclusters 
may be used to control the diameter, and through growth time, 

65 the length various semiconductor nanoscale wires. 
The catalytic clusters or the vapor phase reactants may be 

produced by any suitable technique. For example, laser abla-
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tion techniques may be used to generate catalytic clusters or 
vapor phase reactant that may be used during LCG. Other 
techniques may also be contemplated, such as thermal evapo­
ration techniques. The laser ablation technique may generate 
liquid nanoclusters that may subsequently define the size and 
direct the growth direction of the nanoscopic wires. The 
diameters of the resulting nanoscale wires may be determined 
by the size of the catalyst cluster, which in turn may be 
determined using routine experiments that vary the growth 
conditions, such as background pressure, temperature, flow 10 

rate of reactants, and the like. For example, lower pressure 
generally produces nanoscale wires with smaller diameters. 
Further diameter control may be achieved by using uniform 
diameter catalytic clusters. 

14 
example, lower pressure may produce nanoscale wires with 
smaller diameters in certain cases. Further diameter control 
may be performed by using uniform diameter catalytic clus­
ters. 

With same basic principle as LCG, if uniform diameter 
nanoclusters (less than 10-20% variation depending on how 
uniform the nanoclusters are) are used as the catalytic cluster, 
nano scale wires with uniform size (diameter) distribution can 
be produced, where the diameter of the nanoscale wires is 
determined by the size of the catalytic clusters. By controlling 
the growth time or the position of the sample within the 
reactor, nanoscale wires with different lengths or different 
shell thicknesses may be grown. 

Nanoscale wires having uniform diameters or size distri­
butions may be produced in embodiments where the diameter 
of the nano scale wire is determined by the size of the catalytic 
cluster. For example, uniform diameter nanoclusters (for 
example, having a variation of less than about 10% to about 
20% in the average diameter) may be used as the starting 

As a particular example, LCG methods may be used to 15 

create nanoscale wires having one or more shells. For 
example, by altering the synthetic conditions during laser 
catalytic growth, homogeneous reactant decomposition may 
occur on the surface of the nanoscale wire. Control of the 
synthetic conditions may lead to a shell forming on the sur­
face of the nanoscale wire, and in some embodiments, the 
synthetic reaction conditions may be controlled to cause the 
formation of a thin, uniform shell, a shell having a thickness 

20 catalytic clusters. By controlling the growth time, nanoscale 
wires having different lengths may be grown. 

Other techniques to produce nanoscale semiconductors 
such as nanoscale wires are also contemplated. For example, 
nano scale wires of any of a variety of materials may be grown of one atomic layer, or less in some cases. In other embodi­

ments, by modulating or altering the reactants within the laser 
catalytic growth system, more than one shell may be built up 
on the outer surface of the nanoscale wire. As one example, a 
germanium nanoscale wire core may be grown, and addi­
tional semiconductor materials may be deposited onto the 
surface, for example, a silicon shell. The boundaries between 
the shells may be atomically abrupt, or may be graduated in 
some fashion, depending on how reactants such as, for 
example, silane, germane, or diborane are introduced into the 
laser catalytic growth system. Arbitrary sequences of Si, Ge, 
and alloy overlayers on both Si and Ge nanowire cores may 
also be prepared. Other factors may also contribute to the 
growing nanoscale wire, such as, for example, the reaction 
temperature, or the sample position within the furnace. By 
varying these parameters, the ratio of axial growth to radio 
growth may be controlled as desired. 

25 directly from vapor phase through a vapor-solid process. 
Also, nanoscale wires may also be produced by deposition on 
the edge of surface steps, or other types of patterned surfaces. 
Further, nanoscale wires may be grown by vapor deposition in 
or on any generally elongated template. The porous mem-

30 brane may be porous silicon, anodic alumina, a diblock 
copolymer, or any other similar structure. The natural fiber 
may be DNA molecules, protein molecules carbon nano­
tubes, any other elongated structures. For all the above 
described techniques, the source materials may be a solution 

35 or a vapor. In some cases, while in solution phase, the tem­
plate may also include be colunm micelles formed by surfac­
tant. 

In some cases, the nanoscale wire may be doped after 
formation. In one technique, a nanoscale wire having a sub-

40 stantially homogeneous composition is first synthesized, then 
is doped post-synthetically with various dopants. Such dop­
ing may occur throughout the entire nanoscale wire, or in one 
or more portions of the nano scale wire, for example, in a wire 

Any catalyst able to catalyze the production of nano scale 
wires may be used. Gold may be useful in certain embodi­
ments. A wide range of other materials may also be contem­
plated, for example, a transition metal such as silver, copper, 
zinc, cadmium, iron, nickel, cobalt, and the like. Generally, 45 

any metal able to form an alloy with the desired semiconduc­
tor material, but does not form a more stable compound than 
with the elements of the desired semiconductor material may 
be used as the catalyst. The buffer gas may be any inert gas, 
for example, N 2 or a noble gas such as argon. In some embodi- 50 

ments, a mixture ofH2 and a buffer gas may be used to reduce 
undesired oxidation by residual oxygen gas. A reactive gas 
used during the synthesis of the nanoscale wire may also be 
introduced when desired, for example, animonia for semicon­
ductors containing nitrogen, such as gallium nitride. Nanas- 55 

cale wires may also be flexibly doped by introducing one or 
more dopants into the composite target, for example, a ger­
manium alloy during n-type doping oflnP. The doping con­
centration may be controlled by controlling the relative 
amount of doping element, for example, between 0 and about 60 

10% or about 20%, introduced in the composite target. 
Laser ablation may generate liquid nanoclusters that sub­

sequently define the size and direct the growth direction of the 
nanoscale wires. The diameters of the resulting nanoscale 
wires are determined by the size of the catalyst cluster, which 65 

may be varied by controlling the growth conditions, such as 
the pressure, the temperature, the flow rate and the like. For 

having multiple regions differing in composition. 
One aspect of the invention provides for the assembly, or 

controlled placement, of nanoscale wires on a surface. Any 
substrate may be used for nanoscale wire placement, for 
example, a substrate comprising a semiconductor, a substrate 
comprising a metal, a substrate comprising a glass, a substrate 
comprising a polymer, a substrate comprising a gel, a sub­
strate that is a thin film, a substantially transparent substrate, 
a non-planar substrate, a flexible substrate, a curved substrate, 
etc. In some cases, assembly can be carried out by aligning 
nanoscale wires using an electrical field. In other cases, 
assembly can be performed using an arrangement involving 
positioning a fluid flow directing apparatus to direct fluid 
containing suspended nanoscale wires toward and in the 
direction of alignment with locations at which nanoscale 
wires are desirably positioned. 

In certain cases, a nano scale wire (or other nano structure) 
is formed on the surface of a substrate, and/or is defined by a 
feature on a substrate. In one example, a nanostructure, such 
as a nanoscale wire, is formed as follows. A substrate is 
imprinted using a stamp or other applicator to define a pattern, 
such as a nanoscale wire or other nanoscale structure. After 
removal of the stamp or other applicator, at least a portion of 
the imprintable layer is removed, for example, through etch-
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ing processes such as reactive ion etching (RIE), or other 
known techniques. In some cases, enough imprintable mate­
rial may be removed from the substrate so as to expose por­
tions of the substrate free of the imprintable material. A metal 
or other materials may then be deposited onto at least a 
portion of the substrate, for example, gold, copper, silver, 
chromium, etc. In some cases, a "lift-off' step may then be 
performed, where at least a portion of the imprintable mate­
rial is removed from the substrate. Metal or other material 
deposited onto the imprintable material may be removed 
along with the removal of the imprintable material, for 
example, to form one or more nanoscale wires. Structures 
deposited on the surface may be connected to one or more 
electrodes in some cases. The substrate may be any suitable 
substrate that can support an imprintable layer, for example, 
comprising a semiconductor, a metal, a glass, a polymer, a 
gel, etc. In some cases, the substrate may be a thin film, 
substantially transparent, non-planar, flexible, and/or curved, 
etc. 

In certain cases, an array of nano scale wires may be pro­
duced by providing a surface having a plurality of substan­
tially aligned nanoscale wires, and removing, from the sur­
face, a portion of one or more of the plurality of nano scale 
wires. The remaining nanoscale wires on the surface may 
then be connected to one or more electrodes. In certain cases, 
the nanoscopic wires are arranged such that they are in con­
tact with each other; in other instances, however, the aligned 
nanoscopic wires may be at a pitch such that they are sub­
stantially not in physical contact. 

In certain cases, nanoscale wires are positioned proximate 
a surface using flow techniques, i.e., techniques where one or 
more nano scale wires may be carried by a fluid to a substrate. 
Nanoscale wires (or any other elongated structures) can be 
aligned by inducing a flow of a nanoscale wire solution on 
surface, where the flow can include channel flow or flow by 
any other suitable technique. Nanoscale wire arrays with 
controlled position and periodicity can be produced by pat­
terning a surface of a substrate and/or conditioning the sur­
face of the nanoscale wires with different functionalities, 
where the position and periodicity control may be achieved 
by designing specific complementary forces between the pat­
terned surface and the nanoscale wires. Nanoscale wires can 
also be assembled using a Langmuir-Blodgett (LB) trough. 
Nanoscale wires may first be surface-conditioned and dis­
persed to the surface of a liquid phase to form a Langmuir­
Blodgett film. In some cases, the liquid may include a surfac­
tant, which can, in some cases, reduce aggregation of the 
nanoscale wires and/or reduce the ability of the nanoscale 
wires to interact with each other. The nanoscale wires can be 
aligned into different patterns (such as parallel arrays or 
fibers) by compressing the surface or reducing the surface 
area of the surface. 

Another arrangement involves forming surfaces on a sub­
strate including regions that selectively attract nanoscale 
wires surrounded by regions that do not selectively attract 
them. Surfaces can be patterned using known techniques such 

16 
1999, incorporated herein by reference. Fluid flow channels 
can be created at a size scale advantageous for placement of 
nanoscale wires on surfaces using a variety of techniques 
such as those described in International Patent Application 
Serial No. PCT/US97/04005, entitled "Method of Forming 
Articles and Patterning Surfaces via Capillary Micromold­
ing," filed Mar. 14, 1997, published as Publication No. WO 
97/33737 on Sep. 18, 1997, and incorporated herein by ref­
erence. Other techniques include those described in U.S. Pat. 

10 No. 6,645,432, entitled "Microfluidic Systems Including 
Three-dimensionally Arrayed Channel Networks," issued 
Nov. 11, 2003, incorporated herein by reference. 

Chemically patterned surfaces other than SAM-deriva­
tized surfaces can be used, and many techniques for chemi-

15 cally patterning surfaces are known. Another example of a 
chemically patterned surface may be a micro-phase separated 
block copolymer structure. These structures may provide a 
stack of dense lamellar phases, where a cut through these 
phases reveals a series of "lanes" wherein each lane repre-

20 sents a single layer. The assembly of nanoscale wires onto 
substrate and electrodes can also be assisted using bimolecu­
lar recognition in some cases. For example, one biological 
binding partner may be immobilized onto the nanoscale wire 
surface and the other one onto a substrate or an electrode 

25 using physical adsorption or covalently linking. An example 
technique which may be used to direct the assembly of a 
nanoscopic wires on a substrate is by using "SAMs," or self­
assembled monolayers. Any of a variety of substrates and 
SAM-forming material can be used along with microcontact 

30 printing techniques, such as those described in International 
Patent Application Serial No. PCT/US96/03073, entitled 
"Microcontact Printing on Surfaces and Derivative Articles," 
filed Mar. 1, 1996, published as Publication No. WO 
96129629 on Jul. 26, 1996, incorporated herein by reference 

35 in its entirety. 
In some cases, the nanoscale wire arrays may also be 

transferred to another substrate, e.g., by using stamping tech­
niques. In certain instances, nanoscale wires may be 
assembled using complementary interaction, i.e., where one 

40 or more complementary chemical, biological, electrostatic, 
magnetic or optical interactions are used to position one or 
more nano scale wires on a substrate. In certain cases, physical 
patterns may be used to position nanoscale wires proximate a 
surface. For example, nanoscale wires may be positioned on 

45 a substrate using physical patterns, for instance, aligning the 
nanoscale wires using corner of the surface steps or along 
trenches on the substrate. 

The following definitions will aid in the understanding of 
the invention. Certain devices of the invention may include 

50 wires or other components of scale commensurate with 
nanometer-scale wires, which includes nanotubes and 
nanowires. In some embodiments, however, the invention 
comprises articles that may be greater than nanometer size 
(e.g., micrometer-sized). As used herein, "nanoscopic-scale," 

55 "nanoscopic," "nanometer-scale," "nanoscale," the "nano-" 
prefix (for example, as in "nanostructured"), and the like 
generally refers to elements or articles having widths or diam­
eters of less than about 1 micron, and less than about 100 nm 
in some cases. In all embodiments, specified widths can be a 

as electron-beam patterning, "soft-lithography" such as that 
described in International Patent Application Serial No. PCT/ 
US96/03073, entitled "Microcontact Printing on Surfaces 
and Derivative Articles," filed Mar. 1, 1996, published as 
Publication No. WO 96/29629 on Jul. 26, 1996; or U.S. Pat. 
No. 5,512,131, entitled "Formation of Microstamped Pat­
terns on Surfaces and Derivative Articles," issued Apr. 30, 
1996, each of which is incorporated herein by reference. 
Additional techniques are described in U.S. Patent Applica- 65 

tion Ser. No. 60/142,216, entitled "Molecular Wire-Based 
Devices and Methods of Their Manufacture," filed Jul. 2, 

60 smallest width (i.e. a width as specified where, at that loca­
tion, the article can have a larger width in a different dimen­
sion), or a largest width (i.e. where, at that location, the article 
has a width that is no wider than as specified, but can have a 
length that is greater). 

As used herein, a "wire" generally refers to any material 
having a conductivity of or of similar magnitude to any semi­
conductor or any metal, and in some embodiments may be 
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used to connect two electronic components such that they are 
in electronic communication with each other. For example, 
the terms "electrically conductive" or a "conductor" or an 
"electrical conductor" when used with reference to a "con­
ducting" wire or a nanoscale wire, refers to the ability of that 
wire to pass charge. Typically, an electrically conductive 
nanoscale wire will have a resistivity comparable to that of 
metal or semiconductor materials, and in some cases, the 
electrically conductive nano scale wire may have lower resis­
tivities, for example, resistivities of less than about 100 10 

microOhm cm (µQcm). In some cases, the electrically con­
ductive nanoscale wire will have a resistivity lower than about 
10-3 ohm meters, lower than about 10-4 ohm meters, or lower 
than about 10-6 ohm meters or 10-7 ohm meters. 

18 
about 4:1, greater than about 5:1, greater than about 10:1, 
greater than about 25: 1, greater than about 50: 1, greater than 
about 75:1, greater than about 100: 1, greater than about 150: 
1, greater than about 250: 1, greater than about 500: 1, greater 
than about 750:1, or greater than about 1000: 1 or more in 
some cases. 

A "nanowire" (e.g. comprising silicon and/or another 
semiconductor material) is a nanoscopic wire that is typically 
a solid wire, and may be elongated in some cases. Preferably, 
a nanowire (which is abbreviated herein as "NW") is an 
elongated semiconductor, i.e., a nanoscale semiconductor. A 
"non-nanotube nanowire" is any nanowire that is not a nano­
tube. In one set of embodiments of the invention, a non­
nanotube nanowire having an unmodified surface (not includ-

A "semiconductor," as used herein, is given its ordinary 
meaning in the art, i.e., an element having semiconductive or 
semi-metallic properties (i.e., between metallic and non-me­
tallic properties). An example of a semiconductor is silicon. 
Other non-limiting examples include gallium, germanium, 
diamond (carbon), tin, selenium, tellurium, boron, or phos­
phorous. 

15 ing an auxiliary reaction entity not inherent in the nanotube in 
the environment in which it is positioned) is used in any 
arrangement of the invention described herein in which a 
nanowire or nanotube can be used. 

As used herein, a "nanotube" (e.g. a carbon nanotube) is a 
20 nanoscopic wire that is hollow, or that has a hollowed-out 

core, including those nanotubes known to those of ordinary 
skill in the art. "Nanotube" is abbreviated herein as "NT." 
Nanotubes are used as one example of small wires for use in 

A "nanoscopic wire" (also known herein as a "nanoscopic­
scale wire" or "nanoscale wire") generally is a wire, that at 
any point along its length, has at least one cross-sectional 
dimension and, in some embodiments, two orthogonal cross- 25 

sectional dimensions less than 1 micron, less than about 500 
nm, less than about 200 nm, less than about 150 nm, less than 
about 100 nm, less than about 70, less than about 50 nm, less 
than about 20 nm, less than about 10 nm, or less than about 5 
nm. In other embodiments, the cross-sectional dimension can 30 

be less than 2 nm or 1 nm. In one set of embodiments, the 
nanoscale wire has at least one cross-sectional dimension 
ranging from 0.5 nm to 100 nm or 200 nm. In some cases, the 
nanoscale wire is electrically conductive. Where nanoscale 
wires are described having, for example, a core and an outer 35 

region, the above dimensions generally relate to those of the 
core. The cross-section of a nanoscopic wire may be of any 
arbitrary shape, including, but not limited to, circular, square, 
rectangular, annular, polygonal, or elliptical, and may be a 
regular or an irregular shape. The nano scale wire may be solid 40 

or hollow. A non-limiting list of examples of materials from 
which nano scale wires of the invention can be made appears 
below. Any nano scale wire can be used in any of the embodi­
ments described herein, including carbon nanotubes, molecu-
lar wires (i.e., wires formed of a single molecule), nanorods, 45 

nanowires, nanowhiskers, organic or inorganic conductive or 
semiconducting polymers, and the like, unless otherwise 
specified. Other conductive or semiconducting elements that 
may not be molecular wires, but are of various small nano­
scopic-scale dimensions, can also be used in some instances, 50 

e.g. inorganic structures such as main group and metal atom­
based wire-like silicon, transition metal-containing wires, 
gallium arsenide, gallium nitride, indium phosphide, germa­
nium, cadmium selenide, etc. A wide variety of these and 
other nanoscale wires can be grown on and/or applied to 55 

surfaces in patterns useful for electronic devices in a manner 
similar to techniques described herein involving the specific 
nano scale wires used as examples, without undue experimen­
tation. The nanoscale wires, in some cases, may be formed 
having dimensions of at least about 1 micron, at least about 3 60 

microns, at least about 5 microns, or at least about 10 microns 
or about 20 microns in length, and can be less than about 100 
nm, less than about 80 nm, less than about 60 nm, less than 
about 40 nm, less than about 20 nm, less than about 10 nm, or 
less than about 5 nm in thickness (height and width). The 65 

nano scale wires may have an aspect ratio (length to thickness) 
of greater than about 21, greater than about 3: 1, greater than 

the invention and, in certain embodiments, devices of the 
invention include wires of scale commensurate with nano­
tubes. Examples of nanotubes that may be used in the present 
invention include, but are not limited to, single-walled nano­
tubes (SWNTs ). Structurally, SWNTs are formed of a single 
graphene sheet rolled into a seamless tube. Depending on the 
diameter and helicity, SWNTs can behave as one-dimen­
sional metals and/or semiconductors. SWNTs. Methods of 
manufacture of nanotubes, including SWNTs, and character­
ization are known. Methods of selective functionalization on 
the ends and/or sides of nanotubes also are known, and the 
present invention makes use of these capabilities for molecu­
lar electronics in certain embodiments. Multi-walled nano-
tubes are well known, and can be used as well. 

As used herein, an "elongated" article (e.g. a semiconduc­
tor or a section thereof) is an article for which, at any point 
along the longitudinal axis of the article, the ratio of the length 
of the article to the largest width at that point is greater than 
2:1. 

A "width" of an article, as used herein, is the distance of a 
straight line from a point on a perimeter of the article, through 
the center of the article, to another point on the perimeter of 
the article. As used herein, a "width" or a "cross-sectional 
dimension" at a point along a longitudinal axis of an article is 
the distance along a straight line that passes through the center 
of a cross-section of the article at that point and connects two 
points on the perimeter of the cross-section. The "cross-sec­
tion" at a point along the longitudinal axis of an article is a 
plane at that point that crosses the article and is orthogonal to 
the longitudinal axis of the article. The "longitudinal axis" of 
an article is the axis along the largest dimension of the article. 
Similarly, a "longitudinal section" of an article is a portion of 
the article along the longitudinal axis of the article that can 
have any length greater than zero and less than or equal to the 
length of the article. Additionally, the "length" of an elon­
gated article is a distance along the longitudinal axis from end 
to end of the article. 

As used herein, a "cylindrical" article is an article having 
an exterior shaped like a cylinder, but does not define or 
reflect any properties regarding the interior of the article. In 
other words, a cylindrical article may have a solid interior, 
may have a hollowed-out interior, etc. Generally, a cross­
section of a cylindrical article appears to be circular or 
approximately circular, but other cross-sectional shapes are 
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also possible, such as a hexagonal shape. The cross-section 
may have any arbitrary shape, including, but not limited to, 
square, rectangular, or elliptical. Regular and irregular shapes 
are also included. 

As used herein, an "array" of articles (e.g., nanoscopic 5 

wires) comprises a plurality of the articles, for example, a 
series of aligned nanoscale wires, which may or may not be in 
contact with each other. As used herein, a "crossed array" or 
a "crossbar array" is an array where at least one of the articles 
contacts either another of the articles or a signal node (e.g., an 10 

electrode). 
As used herein, the term "Group," with reference to the 

Periodic Table, is given its usual definition as understood by 
one of ordinary skill in the art. For instance, the Group II 
elements include Mg and Ca, as well as the Group II transition 15 

elements, such as Zn, Cd, and Hg. Similarly, the Group III 
elements include B, Al, Ga, In and Tl; the Group IV elements 
include C, Si, Ge, Sn, and Pb; the Group V elements include 
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US01/48230, filed Dec. 11, 2001, entitled "Nanosensors," by 
Lieber, et al., published as WO 02/48701 on Jun. 20, 2002; 
U.S. Provisional Patent Application Ser. No. 60/354,642, 
filed Feb. 6, 2002, entitled "Nanowire Devices Including 
Emissive Elements and Sensors," by Lieber, et al.; U.S. patent 
application Ser. No. 10/152,490, filed May 20, 2002, entitled 
"Nanoscale Wires and Related Devices," by Lieber, et al.; 
International Patent Application No. PCT/US02/16133, filed 
May 20, 2002, entitled "Nanoscale Wires and Related 
Devices," by Lieber, et al., published as WO 03/005450 on 
Jan. 16, 2003; U.S. patent application Ser. No. 10/196,337, 
filed Jul. 16, 2002, entitled "Nanoscale Wires and Related 
Devices," by Lieber, et al., published as U.S. Patent Applica-
tion Publication No. 2003/0089899 on May 15, 2003; U.S. 
Provisional Patent Application Ser. No. 60/397,121, filed Jul. 
19, 2002, entitled "Nanowire Coherent Optical Compo­
nents," by Lieber, et al.; International Patent Application No. N, P, As, Sb and Bi; and the Group VI elements include 0, S, 

Se, Te and Po. 20 PCT/US03/22061, filed Jul. 16, 2003, entitled "Nanoscale 

The following documents are incorporated herein by ref­
erence in their entirety for all purposes, and include additional 
description of teachings usable with the present invention: 
U.S. Provisional Patent Application Ser. No. 60/142,216, 
filed Jul. 2, 1999, entitled "Molecular Wire-Based Devices 25 

and Methods of Their Manufacture," by Lieber, et al.; Inter­
national Patent Application No. PCT/US00/18138, filed Jun. 
30, 2000, entitled "Nanoscopic Wire-Based Devices, Arrays, 
and Methods of Their Manufacture," by Lieber, et al., pub­
lished as WO 01/03208 on Jan. 11, 2001; U.S. Provisional 30 

Patent Application Ser. No. 60/226,835, filed Aug. 22, 2000, 
entitled "Semiconductor Nanowires," by Lieber, et al.; U.S. 
Provisional Patent Application Ser. No. 60/254,745, filed 
Dec. 11, 2000, entitled "Nanowire and Nanotube Nanosen­
sors," by Lieber, et al.; U.S. Provisional Patent Application 35 

Ser. No. 60/291,896, filed May 18, 2001, entitled "Nanowire 
Devices Including Emissive Elements and Sensors," by Lie­
ber, et al.; U.S. Provisional Patent Application Ser. No. 
60/292,035, filed May 18, 2001, entitled "Nanowire and 
Nanotube Sensors," by Lieber, et al.; U.S. Provisional Patent 40 

Application Ser. No. 60/292,045, filed May 18, 2001, entitled 
"Nanowire Electronic Devices Including Memory and 
Switching Devices," by Lieber, et al.; U.S. Provisional Patent 
Application Ser. No. 60/292,121, filed May 18, 2001, entitled 
"Semiconductor Nanowires," by Lieber, et al.; U.S. patent 45 

application Ser. No. 09/935,776, filed Aug. 22, 2001, entitled 
"Doped Elongated Semiconductors, Growing Such Semicon­
ductors, Devices Including Such Semiconductors, and Fabri­
cating Such Devices," by Lieber, et al., published as U.S. 
Patent Application Publication No. 2002/0130311 on Sep. 50 

19, 2002; International Patent Application No. PCT/USO!/ 
26298, filedAug. 22, 2001, entitled "Doped Elongated Semi­
conductors, Growing Such Semiconductors, Devices Includ­
ing Such Semiconductors, and Fabricating Such Devices," by 
Lieber, et al., published as WO 02/17362 on Feb. 28, 2002; 55 

U.S. patent application Ser. No. 10/033,369, filed Oct. 24, 
2001, entitled "Nanoscopic Wire-Based Devices andArrays," 
by Lieber, et al., published as U.S. Patent Application Publi­
cation No. 2002/0130353 on Sep. 19, 2002, now U.S. Pat. No. 
6,781,166, issued Aug. 24, 2004; U.S. Provisional Patent 60 

Application Ser. No. 60/348,313, filed Nov. 9, 2001, entitled 
"Transistors, Diodes, Logic Gates and Other Devices 
Assembled from Nanowire Building Blocks," by Lieber, et 
al.; U.S. patent application Ser. No. 10/020,004, filed Dec. 11, 
2001, entitled "Nanosensors," by Lieber, et al., published as 65 

U.S. Patent Application Publication No. 2002/0117659 on 
Aug. 29, 2002; International Patent Application No. PCT/ 

Wires and Related Devices," by Lieber, et al.; U.S. patent 
application Ser. No. 10/624,135, filed Jul. 21, 2003, entitled 
"Nanowire Coherent Optical Components," by Lieber, et al.; 
International Patent Application No. PCT/US03/11078, filed 
Jul. 21, 2003, entitled "Nanowire Coherent Optical Compo­
nents," by Lieber, et al., published as WO 2004/010552 on 
Jan. 29, 2004; U.S. Provisional Patent Application Ser. No. 
60/524,301, filed Nov. 20, 2003, entitled "Nanoscale Arrays 
and Related Devices," by Whang, et al.; U.S. patent applica­
tion Ser. No. 10/720,020, filed Nov. 21, 2003, entitled 
"Nanoscale Wires and Related Devices," by Lieber, et al., 
published as U.S. Patent Application Publication No. 2003/ 
0089899 on May 15, 2003; U.S. patent application Ser. No. 
10/734,086, filed Dec. 11, 2003, entitled "Nanowire Coherent 
Optical Components," by Lieber, et al., published as U.S. 
Patent Application Publication No. 2004/0213307 on Oct. 28, 
2004; U.S. Provisional Patent Application Ser. No. 60/544, 
800, filed Feb. 13, 2004, entitled "Nanostructures Containing 
Metal-Semiconductor Compounds," by Lieber, et al.; U.S. 
Provisional Patent Application Ser. No. 60/551,634, filed 
Mar. 8, 2004, entitled "Robust Nanostructures," by 
McAlpine, eta!.; U.S. patent application Ser. No. 10/812,653, 
filed Mar. 29, 2004, entitled "Nanoscopic Wire-Based 
Devices and Arrays," by Lieber, et al., published as U.S. 
Patent Application Publication No. 2004/0188721 on Sep. 
30, 2004; U.S. Provisional Patent Application Ser. No. 
60/579,996, filed Jun. 15, 2004, entitled "Nanosensors," by 
Wang, et al.; U.S. patent application Ser. No. 10/973,665, 
filed Oct. 26, 2004, entitled "Nanoscopic Wire-Based 
Devices and Arrays," by Lieber, et al.; U.S. patent application 
Ser. No. 10/995,075, filed Nov. 22, 2004, entitled "Nanoscale 
Arrays and Related Devices," by Whang, et al.; U.S. Provi­
sional Patent Application Ser. No. 60/633,733, filed Dec. 6, 
2004, entitled "Nanoscale Wire Based Data Storage," by Lie­
ber, et al.; U.S. patent application Ser. No. 11/058,443, filed 
Feb. 14, 2005, entitled "Nanoscale Wires and Related 
Devices," by Lieber, et al.; International Patent Application 
No. PCT/US2005/004459, filed Feb. 14, 2005, entitled 
"Nanostructures Containing Metal-Semiconductor Com­
pounds," by Lieber, et al.; U.S. patent application Ser. No. 
11/082,372, filed Mar. 17, 2005, entitled "Doped Elongated 
Semiconductors, Growing Such Semiconductors, Devices 
Including Such Semiconductors, and Fabricating Such 
Devices," by Lieber, et al.; and a U.S. patent application filed 
May 25, 2005, entitled "Nanoscale Sensors," by Lieber, et al. 
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The following examples are intended to illustrate certain 
embodiments of the present invention, but do not exemplify 
the full scope of the invention. 

Example 1 

Two-dimensional electron and hole gas systems, enabled 
through band structure design and epitaxial growth on planar 
substrates, have served as key platforms for fundamental 
condensed matter research and high performance devices. 
The analogous development of one-dimensional (ID) elec­
tron or hole gas systems through controlled growth on ID 
nanostructure substrates, which could open up opportunities 
beyond existing carbon nanotube and nanowire systems, has 
not been realized. This example illustrates the synthesis and 
transport of a ID hole gas system based on a free-standing 
germanium/silicon (Ge/Si) core/shell nanowire heterostruc­
ture. Room temperature electrical transport measurements 
showed hole accumulation in undoped Ge/Si nanowire het­
erostructures, in contrast to control experiments on single 
component nanowires. Low-temperature studies showed 
controlled Coulomb blockade oscillations when the Si shell 
served as a tunnel barrier to the hole gas in the Ge channel. 
Transparent contacts to the hole gas also have been reproduc­
ibly achieved by thermal annealing. In such devices, it was 
observed that conductance quantization at low temperatures, 
corresponding to ballistic transport through ID subbands, 
where the measured subband energy spacings agree with 
calculations for a cylindrical confinement potential. In addi­
tion, the conductance exhibited little temperature depen­
dence, consistent with a calculation of reduced backscatter­
ing in this 1 D system, showing that transport is ballistic even 
at room temperature. In addition, room temperature FET 
devices can be achieved, in some cases, using certain core/ 
shell nanowire heterostructures. Such devices may have sig­
nificantly higher scaled transconductance and/or on currents, 
which, in some instances, may be several times higher than 
commercially available planar devices. 

This example illustrates the design of a 1 D hole gas system 
based on a Ge/Si core/shell nanowire heterostructure. 
Because there is -500 meV valence band offset between the 
Ge core and Si shell in this heterostructure, free holes will 
accumulate in the Ge channel when the Fermi level lies below 
the valance band edge of the Ge core. This example demon­
strates that transparent contacts to the hole gas are achieved as 
a result of the band line-up, and obtained long carrier mean 
free path by eliminating scattering from dopants. With these 
improvements, ballistic transport through devices up to a few 
hundred nanometers in length both at low temperature and 
room temperature was observed. 

Ge/Si nanowires were grown as follows. Goldnanoclusters 

22 
beam lithography and metal deposition were used to define Ni 
source/drain electrodes (50 nm thick). To make contacts to the 
Ge channel, the devices were annealed at 300° C. for 15 
seconds in forming gas (N2/H2 , 90/10%) (Heatpulse 610, 
Metron Technology). 

Top-gated devices were produced as follows. Atomic layer 
deposition was used to deposit Al2 0 3 dielectric conformally 
on Ge/Si nanowire devices prepared in the same way as the 
back-gated devices. Deposition was carried out at 200° C. 

10 
using a cycle consisting ofl s water vapor pulse, 2 s N2 purge, 
1 s trimethyl aluminum, and 2 s N 2 purge; 50 cycles were used 
to yield a thickness of 6 nm. The top gate was then defined by 
electron beam lithography, followed by Cr/Au (5/50 nm) 
deposition. 

Electrical transport measurements were conducted as fol-
15 lows. Room temperature measurements were performed in 

vacuum at a pressure below lx04 torr using a cryogenic probe 
station (TTP-4, Desert Cryogenics). Low temperature mea­
surements were carried out using both the probe station and a 
He-4 cryostat (Oxford Instruments). The differential conduc-

20 tance G was measured with a lock-in amplifier (SR 830, 
Stanford Research Systems) using an 11 Hz ac excitation of 
200 microvolts superimposed on a de bias voltage. 

The Ge/Si core/shell (FIG. lA) nanowires were grown 
using techniques similar to those disclosed in U.S. patent 

25 application Ser. No. 10/196,337, filed Jul. 16, 2002, entitled 
"Nanoscale Wires and Related Devices," by Lieber, et al., 
published as U.S. Patent Application Publication No. 2003/ 
0089899 on May 15, 2003, incorporated herein by reference, 
except that both the Ge core and Si shell were not doped. This 

30 difference may eliminate some scattering from ionized 
dopants in the 2-5 nm thick Si shell adjacent to the Ge chan­
nel. A thin Si shell was used in this example to facilitate 
electrical contact to the Ge channel, and/or to reduce the 
likelihood of dislocations in the shell. The valence band offset 
of about 500 meV between Ge and Si at the heterostructure 

35 interface served as a confinement potential for the quantum 
well, and free holes may accumulate in the Ge channel when 
the Fermi level lies below the valance band edge of the Ge 
core (FIG. lB). High-resolution transmission electron 
microscopy studies of the Ge/Si nanowires (FIG. lC) showed 

40 the core (dark)/shell (light) structure. The lattice fringes and 
sharp interface between Ge and Si showed that the core/shell 
structure was epitaxial, and was consistent with cross-sec­
tional elemental mapping results. Lower resolution images 
also indicated that dislocations are not present in these struc-

45 tures. The clean, epitaxial interface in these nanowire hetero­
structures may produce a smooth confinement potential along 
the channel. The pseudomorphic strain in the epitaxial core 
and shell materials may be relaxed along the radial direction, 
which may yield a type II staggered band alignment. The light 

50 hole and heavy hole bands may split due to the effects of strain 
and confinement. 

of 5 nm, 10 nm and 15 nm diameters (Ted Pella) were first 
deposited on oxidized silicon wafers and placed in a quartz 
tube furnace. Ge nanowire core growth was initiated by 
nucleation at 315° C. for 1 minute using 10% GeH4 inH2 (30 
seem) and H2 (200 seem) at 300 torr, followed by axial elon­
gation at 280° C. for 15 minutes and 100 torr. The i-Si shell 
was deposited within the same reactor immediately following 
Ge core growth at 450° C. for 5-10 minutes using SiH4 (5 
seem) at 5 torr. The growth rates for the i-Ge core and i-Si 
shell were about 1 micron/min and 0.5 nm/min, respectively. 
For the control experiments, i-Ge nanowires were grown 
using the same procedure as the Ge core, and i-Si nanowires 60 

were grown at 435° C. for 20 min using SiH4 /H2 (6/60 seem) 

FIG. lA is a schematic of a cross section through the Ge/Si 
core/shell structure, and FIG. lB is a band diagram for a 
Si/Ge/Si heterostructure. The dashed line indicates the posi-

55 tion of the Fermi level, Ep, which lies inside the Si band gap 
and below the Ge valance band edge. FIG. lC is a high 
resolution TEM image ofa Ge/Si core/shell nanowire with 15 
nm Ge (dark gray) core diameter and 5 nm Si (light gray) shell 
thickness. The contrast between core and shell is due to dif-
ference in atomic weights of Ge and Si. Scale bar is 5 nm. 

Electrical transport measurements were made on Ge/Si 
nanowire devices with lithographically-patterned nickel 
source/drain electrodes and capacitively coupled back-gate 
electrodes. A brief annealing process was performed after the 
source/drain fabrication to facilitate contact to the inner Ge 

at 60 torr. 
Back-gated devices were produced as follows. The nanow­

ires were dispersed in ethanol from growth substrates by 
sonication, and then deposited on degenerately doped Si sub­
strates with 50 nm thermal oxide layer (n-type, resistivity 
<0.005 Ohm-cm, Nova Electronics Materials). Electron 

65 channel. Room-temperature current versus source-drain volt­
age (I-V sn) data recorded on a heterostructure with a 10 nm 
Ge core diameter (FIG. 2A) exhibited a substantial current at 
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zero gate voltage (V g =O), and a decrease in current as V g is 
increased from -10 to 10 V. These results showed that the 
device behaved as a p-type depletion mode field-effect tran­
sistor (p-FET), and thus confirmed the accumulation of hole 
charge carriers. Because both the Ge core and the Si shell are 5 

undoped, the existence of a hole gas may be a result of the 
band line-up as illustrated in FIG. lB, where the Fermi level 
is pinned below the Ge valance band edge, due to the com­
bined effect of work function, band offset and interface states. 

24 
contacts, and importantly, that no significant scattering cen­
ters appeared to exist inside the channel up to a channel length 
of at least 500 nm. 

FIG. 3 shows coulomb blockade (CB) in the unannealed 
Ge/Si devices. FIG. 3A shows I-Vgfor a IO nm core diameter 
Ge/Sinanowire (T=l.5 K, YsD=0.5 m\7, L=l 12nm). The gate 
capacitance is cg =e/li.V CB=3.2 aF, where li.V CB is the period 
of the CB oscillation. In the inset, I-V sD data taken at V g =-
9 .38 V shows the CB gap. In FIG. 3B, Coulomb diamonds in 
G-VsD-Vg are plotted for the device in A. FIG. 3C shows 
G-VsD-Vg plot for another 10 nm core diameter nanowire 
with L=385 nm, Cg =15.8 aF for this device. FIG. 3D shows 
scaling of Cg with channel length L. The line is the theoretical 
prediction based on the cylinder-on-plane model discussed in 

To further probe this phenomenon, control experiments were 10 

performed on intrinsic Si (i-Si) and intrinsic Ge (i-Ge) 
nanowires. Transport measurements (FIG. 2B) showed that 
both the i-Si and i-Ge nanowires were enhancement mode 
p-FETs with no carriers at V g =O. The i-Ge nanowire data thus 
contrasted that obtained for the Ge/Si core/shell structure, 
even though the i-Ge nanowires were grown under identical 
conditions to the Ge core in the heterostructure. 

15 the text. Black diamonds are experimental data from CB 
measurements. 

In single component semiconductor nanowire devices, a 

FIG. 2A illustrates I-V sD characteristics recorded on a 10 
nm core diameter Ge/Si nanowire device with source drain 
separation L= 1 micron. The different curves corresponded to 20 

the back gate voltage vg values of +10 v (dashed line), 0 
(solid line) and -10 V (dotted line). The lower inset is a 
schematic of a Ge/Si core/shell nanowire, and the upper inset 

Schottky barrier typically forms at the contact since the Fermi 
level (Ep) lies inside the semiconductor band gap. In contrast, 
barriers to the hole gas in Ge/Si nanowires were not intrinsic 
and could be eliminated, since E Flies outside the Ge bandgap 
(FIG. lB). Indeed, annealing the Ge/Si nanowire devices 
produced reproducible transparent contacts to the hole gas 
even at low temperatures. The I-V sD data obtained at 4. 7 K on 
an annealed device with a 10 nm core (FIG. 4A, insets) close 
to depletion (V g = 10 V) were linear around V sD=O, and thus 

is a plot of I-V g for the same device at V sD=-1 V. FIG. 2B 
25 

illustrates I-V sD measurements on i-Si (21, 20 nm diameter, 1 
micron channel length) and i-Ge (22, 20 nm diameter, 1 
micron channel length) nanowires; the data were recorded for 

showed that the contacts were transparent at low tempera­
tures. It should be noted that the depletion mode p-FET 
behavior with transparent contacts at both room and low 
temperatures was observed for essentially all of the Ge/Si 
nanowire heterostructure devices prepared in this way. The 

V g =O and -10 V, corresponding to off and on states, respec­
tively. The inset is a schematic of the i-Si and i-Genanowires. 
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For the Ge/Si core/shell nanowire devices fabricated with­

out the annealing process, carriers need to tunnel through the 
non-conducting Si layer, resulting in a barrier in transport 
data recorded at low temperatures (inset, FIG. 3A). The Ge/Si 
devices prepared with Si tunnel barriers at the contacts 
showed periodic oscillations in I as a function ofVg (FIG. 
3A); these are Coulomb blockade oscillations and the device 
may behave as a single-electron transistor (SET). From the 
period of the current oscillations in FIG. 3A, the gate capaci­
tance, Cg' may be estimated to be 3 .2 aF for this 112 nm long 
device. In FIG. 3B, the differential conductanceG=dI/dV sDis 
plotted vs. V sD and V g for the same device. These data exhib­
ited well-defined Coulomb diamonds as expected for trans­
port through a single SET (19). In FIG. 3C we show G-V sD­

Vg for another 385 nm long device with Cg=15.8 aF, which 
also showed well-defined Coulomb diamonds characteristics 
of transport through a single SET. To verify that the tunnel 
barriers defining the SET are not caused by defects inside the 
nanowire, which break the nanowire into multiple islands, 
and are often observed in lithographically defined wires (21), 
the measured gate capacitance Cg is plotted in FIG. 3D as a 
function of the source-drain separation L (measured from 
SEM images). Notably, the measured Cg agrees well for 
L> 100 nm with the capacitance calculated using a cylinder­
on-plane model) 

2rrEE0 L 
Cg= cosh- 1(h/r)' 

where h=50 nm is the oxide thickness, r is the radius of the Ge 
core, and E (epsilon) is the dielectric constant. For L<l 00 nm, 
the measured Cg was generally smaller than that predicted by 
the simple model, and reflected screening by the metal leads 
when Lis comparable to h. The scaling of Cg with Lis a clear 
demonstration that the tunnel barriers were formed at the 

reproducibility ofthis unique contact behavior demonstrates 
the impact possible through band structure control. 

At small bias, the I-V sD curves collapse for Vg <7 V (right 
35 inset, FIG. 4A). This behavior is highlighted by plotting G vs. 

Vg (FIG. 4A), where G first rose sharply and then plateaued 
for V g <7 V. The plateau conductance, -50 microsiemens, is 
0.65 of2e2/h, the value expected for a spin-degenerate single­
mode ballistic conductor. Variations in the plateau conduc-

40 tance are suggestive of Fabry-Perot interferences, but are not 
quantified in this example due to their small amplitude. Stud­
ies of additional devices showed very similar results and 
highlight the reproducible transport properties of the Ge/Si 
nanowire system. For example, FIG. 4B shows G vs. Vg 

45 recorded at different temperatures for another 10 nm core 
diameter device. At 4.7 K, the device showed a conductance 
plateau close to 2e2/h, which is consistent with data in FIG. 
4A and the value for a single-mode ballistic conductor. Nota­
bly, increasing temperature up to 300 K yielded little change 

50 in the value of the conductance plateau. This implies that even 
at room temperature, only a single ID subband participates in 
transport, and that the mean free path exceeds the channel 
length of 170 nm; that is, transport through the Ge/Si nanow-

55 

ire remains ballistic up to at least this length scale. 
FIG. 4A shows G-Vg recorded at 4.7 K for a 10 nm core 

Ge/Si nanowire with L=350 nm. The left inset) is the I-VsD 
curve recorded at V g = 10 V. The right inset is the I-V sD data 
recorded atVg from 10 to -lOV in 1 V steps. FIG. 4B shows 
G-Vg data recorded for another Ge/Si nanowire device 

60 (L=l 70 nm) measured at different temperatures: 41, 42, 43, 
44 correspond to 300, 50, 10, and 4.7 K, respectively. The 
conductance value on the plateau decreased slightly with 
decreasing temperature. This reduction may be due to small 
potential fluctuations inside the channel, although other fac-

65 tors such as changes in the contact resistance or many-body 
effects may also be possible. The vertical arrows in (A) and 
(B) highlight the 0.7 structure. 
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These results contrast data from planar 2DHG (two-dimen­
sional hole gas) devices, where the mobility decreases dra­
matically with increasing temperature due to scattering with 
acoustic phonons. In a ID system, acoustic phonon scattering 
may be suppressed due to the reduced phase space for back­
scattering. In the Ge/Si nanowires, Fermi's golden rule may 
be used to estimate the acoustic phonon scattering rate as 

1 nksT'32 

- = --
2
-D(Ep) 

Tap lipV5 

(1) 10 

26 
after numerically differentiating G against V g· A plot of the 
transconductance, dG/dV g, as a function ofV sD and V g (FIG. 
SC) showed zero or low values at conductance plateaus and 
high values in the transition regions between plateaus, which 
are highlighted by dashed lines in the figure. The subband 
spacings were obtained directly from these data as the V sD 

values at the apexes of the full plateaus (i.e., the extrapolated 
intersections of the dashed lines), which yielded llE1 •2 =25 
m V and llE2 3=30 m V. For comparison, the sub band spacings 
were calcul~ted using an effective mass model with a cylin­
drical confinement potential with radius r to approximate the 
Ge/Si nanowire structure. The energy levels of the ID modes 
due to radial confinement were 

where S (Xi) is the deformation potential, p (rho) is the mass 
density, and vs is the velocity of sound. The density of states 15 

can be calculated as li2u2. 
E=-n-' 

2m*r2 

(2) 

~l 
D(E)=--­

nh{Enr2 

for the first sub band using the effective mass for heavy holes, 
m*=0.28me, where me is the free electron mass. This results 
in i:ap-4.9xlo-12 s at room temperature for a 10 nm core 
diameter nanowire at EF=IO meV using an average sound 
velocity of 5400 mis and deformation potential of3 .81 e V for 
Ge. The mean free path calculated using this value of "tap and 
the Fermi velocity, vp=V2Ep/m*-1.lxl05 mis, was 540 nm. 
This estimate is consistent with the experimental results, and 
moreover, suggests that room-temperature ballistic transport 
in Ge/Si nanowires is possible on a 0.5 micron scale, assum­
ing other scattering processes are suppressed. Reduced 
acoustic phonon scattering in ID illustrates room temperature 
ballistic transport in Ge/Si nanowires. 

In addition, in this example devices with a top-gate struc­
ture were studied, which increases the gate coupling, in order 

20 where un, is Bessel function's Jn(x)'s i'h zero point, andm* is 
the hole effective mass as discussed above. For a nanowire 
with 14 nm Ge core diameter, i'lE1 2 =25 mV and llE2 3 =32 
mV. These values were in good aweement with the e~peri­
mental data (FIG. SC), and thus provides support for the 

25 assignment of discrete ID subbands in the Ge/Si nanowire 
heterostructures. 

FIG. SA illustrates G-V g recorded at different temperatures 
for a top-gated device (V sD=8 m V). The curves (from left to 
right) correspond to 5, 10, 50, and 100 K, respectively. Data 

30 was offset horizontally for clarity. The upper inset is a SEM 
image of the sample showing the source (S) drain (D) and the 
top gate (G) electrodes; scale bar is 500 nm. The lower inset 
shows zero-bias G-Vg recorded at (left to right) 5, 10, and 20 
K; axes have the same units as the main figure. The vertical 

35 arrow highlights the "0.7 structure." FIG. SB illustrates 
G-V sDplots recordedatVg =0.8 to -3.5V in 50 mV steps with 
no offset applied (T=5 K). Data taken in a different thermal 
cycle from FIG. SA. Plateaus, labeled a-g, which appear dark 
due to accumulation of G-V sD traces, are discussed above. to probe transport through more than one sub band. G-V g data 

recorded on a 400 nm long device. FIG. SA shows four 
distinct conductance plateaus at 5 K. These plateaus to trans­
port may be attributed through the first four subbands in the 
Ge/Si nanowire, and this assignment may be confirmed by 
plotting G-VsD for different values ofVg (FIG. SB). In this 
plot, the conductance plateaus appeared as dark regions, 45 

labeled as a-d, where several G-VsD curves at different Vg 
overlap, since V g does not affect Gin the plateau regions. At 
large V sD these integer plateaus evolve into "half' plateaus 
(f-g) when the source and drain chemical potentials cross 
different sub bands. For example, the 0.5 plateau, appearing as 
the dark region labeled corresponded to the case where the 
source potential drops below the first subband bottom while 
the drain potential still lies above it. Similarly, feature g 
corresponded to the 1.5 plateau, which evolved from the 
second (b) and first (a) sub bands. The small cusp feature near 
zero-bias in the G-V sD data may be due to shallow potential 
barriers with heights of a few me V. The potential barriers may 

40 Featureh evolves from the first plateau a and the 0.7 structure 
e. FIG. SC shows transconductance dG/dVg as a function of 
V sD and V g for data in FIG. SB. The dashed lines are guides 
indicating the evolution of conductance modes with V sD and 
Vg. The vertical arrows highlight values of llE1 •2 and i'lE2 •3 . 

A reproducible feature was observed with a conductance 
value about 0.7 times the first plateau in the bottom-gated 
(FIG. 4, vertical arrows) and top-gated (FIG. SA, inset; FIG. 
SB, labeled) devices. Similar features, termed "0.7 structure," 
have been observed previously on quantum point contacts 

50 and quantum wires formed in clean 2DEG samples (two­
dimensional electron gas). This feature is generally believed 
to be caused by spontaneous spin polarization in low-dimen­
sional interacting electron gas systems due to the formation of 
a spin gap or a localized spin. Temperature dependent data 

55 recorded on a back-gated Ge/Si device (FIG. 4B) showed that 
the 0.7 feature initially increased in magnitude and then 
broadened as the temperature was increased to 50 K, consis­
tent with the spin-gap hypothesis. These results suggest that 
the "0.7 structure" is not restricted to electron gas samples, 

be caused by non-optimal fabrication process in these top­
gated devices, since they are absent in the bottom gated 
devices studied earlier. The existence of shallow barriers also 
may explain the thermal activation behavior observed in G 
measured at zero-bias (but not in G measured outside the cusp 

60 but a universal phenomenon in ID systems. In this regard, the 
heavier effective mass of holes in the Ge/Si nanowires com-

at 8 m V), and values of the conductance on the plateaus less 
than multiples of 2e2 /h. 

The assignment of these features to ID subbands in the 65 

Ge/Si nanowires was further analyzed by quantifying the 
level spacings. Such features appeared more pronounced 

pared to electrons may yield a larger interaction parameter. 
In another experiment, high performance FET devices 

were fabricated and studied. FIGS. 6A and 6B show data for 
a top-gated Ge/Si nanowire device with a I micron channel 
length at room temperature. At - IV bias, the device exhibited 
a maximum "on" current I

0
n of 48 microamps (FIG. 6A), a 
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transconductance Gm =dl/ dV g ofl 6 microsiemens (FIG. 6B ), 
and an on/off ratio of about I 05

. Given the diameter of the 
nanowire as the relevant size, the scaled I

0
n and Gm were 

estimated at about 3 microamps/micron and about I micro­
siemen/micron, respectively. The elimination of ionized 
dopant scattering, suppression of acoustic phonon scattering, 
and/or surface passivation by the Si shell may contribute to 
the higher performances observed here. In addition, high 
device yields were observed in these experiments. 

In conclusion, band-structure design and controlled epi- 10 

taxial growth was used to create a ID hole gas system in Ge/Si 
core/shell nanowire heterostructures. Ballistic transport was 
observed through individual ID sub bands due to confinement 
of carriers in the radial direction. Significantly, the conduc­
tance showed little temperature dependence, suggesting a 15 

room temperature carrier mean free path on the order of 
several hundred nanometers. More generally, this method can 
be generalized to create ID electron gas systems in other 
nanowire heterostructures, and the long mean free path and 
synthetic tunability of these ID electron and hole gas systems 20 

may make them attractive for fundamental studies relevant to 
spin and quantum electronics and device applications. 

28 
!amino) hafnium [Hf(N(CH3 ) 2 ) 4 ], and tetrakis( dimethy­
lamino) zirconium were used as precursors. Electron beam 
lithography was used to define the top gate, followed by 
thermal evaporation of either Cr/Au (5 mn/50 nm) or Al (50 
nm). The devices were measured at room temperature in 
vacuum (P<l0-4 torr) with a probe station (TTP-4, Desert 
Cryogenics). 

Cross-sectional TEM samples were prepared as follows. 
Dry-transfer from the growth substrate was used to deposit 
aligned nanowire arrays with inter-nanowire spacings of sev­
eral micrometres on a Si/Si02 wafer. The wafer was then 
coated with a thin filmofZr02 high-kdielectric and Au metal 
as described above. Cross-sectional TEM samples were pre-
pared by cutting the wafer into thin slices, followed by 
mechanical polishing and further thinning by ion milling. 
TEM images were taken by a JEOL 2010F high-resolution 
microscope. 

FIG. 7 shows a Ge/Si core/shell NWFET produced as 
described above. FIG. 7 A is a schematic of a Ge/Si core/shell 
nanowire. FIG. 7B is a cross-sectional diagram showing the 
formation of hole-gas in the Ge quantum well confined by the 
epitaxial Si shell, where CB is the conduction band and VB is 
the valence band. The dashed line indicates the Fermi level, Example 2 

Silicon and germanium nanowires have been the focus of 
recent studies of one-dimensional (ID) FETs. However, 
metal contacts to single-component nanowires generally pro­
duce Schottky barriers that limit device performance, and 
moreover, scattering from charged dopants can also reduce 
the intrinsic mobility of these nanowire devices. In contrast, 
various aspects of the present invention show transparent 
contacts and low-bias ballistic transport in undoped Ge/Si 
core/shell nanowire heterostructures (FIGS. 7A and 7B; see 
also Example I), with an estimated scattering mean free path 

25 
Ep- The valence band offset of -500 meV between Ge and Si 
served as a confinement potential to the hole-gas. FIG. 7C is 
a schematic of a NWFET device with high-k dielectric layer 
and Au top gate. FIG. 7D is a top-view SEM image of a typical 
device. The Au top gate overlapped with the Ni source/drain 

30 
electrodes to ensure full coverage of the channel. The scale 
bar is 500 nm. FIG. 7E is a cross-sectional TEM image of a 
device prepared using a 7 nm Zr02 dielectric. The dotted lines 
are guides to the eye showing boundaries between different 
materials denoted in the image. The nanowire is tilted off the 

35 
imaging axis. The scale bar is I 0 nm. 

of -500 nm. As will be shown in this example, the ID sub­
band spacing in the typical I5-nm core Ge/Si nanowires 
determined through both experimental measurements and 
theoretical calculations was -25 meV, and thus at room tem­
perature several sub-bands may participate in NWFET trans- 40 

port. While the Ge/Si nanowire devices need not strictly be 
ID, the limited number of conduction channels and clean 
material structure can benefit performance through, for 
example, a reduction in scattering. To explore the potential of 
Ge/Si nanowire heterostructures as high-performance FETs 45 

in this example, devices were fabricated using thin HfD2 or 
Zr02 high-k gate dielectrics and metal top gate electrodes 
(FIGS. 7C and 7D). Cross-sectional transmission electron 
microscopy (TEM) images (FIG. 7E) showed that both the 
high-k and metal top gate conformed to the approximately 50 

circular cross-section of the nanowire, and also verified the 
Ge/Si core/shell structure. The conformal top gate structure 
approached an ideal cylindrical gate geometry, and together 
with the high-k dielectrics, produced a much more efficient 
gate response than previous studies using lower-k Si02 55 

dielectric and planar back gates. 

Typical output and transfer characteristics recorded from a 
Ge/Si device fabricated in this way with a channel length, L= I 
micrometer and a total diameter of I8 nm (device A) are 
shown in FI GS. SA and SB. The family ofl[ V ds curves (FIG. 
SA) showed that the drain current Id first increased then satu­
rated with increasingly negative drain voltage, similar to a 
conventional long channel MOSFET. These data also showed 
that Id increased as the gate voltage V g decreases from I to -2 
V, and thus that the device acted as a p-type depletion-mode 
FET. This p-type FET behavior was expected from the band 
diagram in FIG. 7B, where the Fermi level lies below the Ge 
valence band edge in the absence of a gate. The I[ V g transfer 
curve recorded for the drain bias voltage V ds =-IV (FIG. SB) 
demonstrated that the NWFET has a peak transconductance, 
gm=dijdVg, of 26 microsiemens. In addition, the device 
exhibited a maximum drain current Id(max) of35 microamps at 
Vg=-2V. 

The on current I
0
n for a FET device is usually determined at 

V g =V ds =V dd' where V dd is the power supply voltage and 
equals I V in this case. Following conventions in planar 
devices, the on and off currents were defined as the values 
measured at Vg(on)=Vr0.7 Vdd and Vg(off)=V y+0.3 Vdd' so 
that 30% of the V g swing above the threshold voltage V r was 
applied to turn the device off, while the remaining 70% sets 

Fabrication and measurement of Ge/Si NWFET devices in 
this example were as follows. The growth of epitaxial core/ 
shell Ge/Si nanowires and fabrication of Ni-contacted 
NWFETs are described above. The nanowires prepared here 
had an average core diameter of I4.6 nm and a Si shell 
thickness of I .7 nm, and normally exhibited a <I IO> growth 
direction. A thin high-k dielectric film was deposited on the 
devices using an atomic layer deposition (ALD) process. 30 
cycles for Hf02 deposition and 50 cycles for Zr02 were used 
at I I 0° C. with each cycle having a I s water vapor pulse, 5 s 
N2 purge, 3 s precursor, and 5 s N2 purge. Tetrakis(dimethy-

60 the operation range of the on state (FIG. SB). From FIG. SB, 
I

0
n =I 4 microamperes can be obtained for this I-micrometer­

long device. Significantly, the scaled values of gm and I
0

m I .4 
mS micrometers-I and 0.78 mA micrometers-1, using the 
total nanowire diameter as the device width, already exceeded 

65 the values of 0.8 mS micrometers-I and 0.7I mA microme­
ters-I reported in much shorter, sub-I 00-nm silicon p-MOS­
FETs employing high-k dielectrics. 



US 7,858,965 B2 
29 

In addition, in this example, a large number of Ge/Si 
NWFET devices were prepared with L varying from I 
micrometer to 190 nm; essentially all of these devices exhib­
ited high-performance behavior and show the reproducibility 

30 

of both the Ge/Si nanowires and contacts to this material. 
Representative data obtained from a L=l90 nm device (de­
vice B), which should exhibit larger gm and Id values owing to 
reduced channel resistance, are shown in FIG. SC. These data 
yielded gm =60 microsiemens, I

0
n =37 microamperes (V dd=I 

V), and Id(max)=91 microamperes, and corresponded to scaled 10 

values of gm and I
0
n of 3.3 mS micrometers-I and 2.1 mA 

micrometers-I, respectively. Notably, these values were more 
than twice that achieved in the longer channel device and are 

NWFETs but still larger than the theoretical minimum. The 
nonideal gate coupling ( a<I ), which yielded this larger S 
value, may be due to a finite trap state density at the nanowire/ 
high-k interface. Optimization of the high-k deposition pro­
cess during fabrication or growth of a cylindrical high-k shell 
on the Ge/Si nanowire before fabrication further can result in 
improved interface quality. 

FIG. S shows certain characteristics of high-performance 
Ge/Si NWFET. FIG. SA shows IaVds data for device A (L=I 
micrometer, 4 nm HfD2 dielectric) with V g =-2 to 2 Vin 0.25 
V steps from top to bottom. FIG. SB shows IaVgfordeviceA 
with the top, middle, and bottom data points corresponding to 
V ds values of -I, -0.5 and -0.0V, respectively. The leakage 
current through the gate electrode (lg) was - I 0-10 A, which 
excludes lg as source ofincrease in Id at V g>-0.5 V. The inset 
is a linear scale plot ofld versus V g measured at V ds =-IV. The 

3 to 4 times greaterthan state-of-the-art Si p-MOSFETs. The 
geometric gate capacitance per unit area in these NWFETs, 15 

44 fF micrometers-2
, was about 29% larger than the 34 fF 

micrometers-2 in these Si p-MOSFETs. Therefore the large 
gain in gm and I

0
n cannot be accounted for by an increase in 

gate capacitance alone. Moreover, the hole mobility for this 
Ge/Si NWFET, 730 cm2 y-I s-I, extracted at the linear region 20 

(IVd)=IO mV) from the peak gm=3 microsiemens at IVg-

shaded area defines the I V gate voltage window, where V r 
was determined from the intercept of the tangent of maximum 
slope (linear transconductance) region of the Ia V g curve. 
FIG. SC shows Ia V g data for device B (L= 190 nm, 4 nm HfD2 

dielectric) with top, middle, and bottom data points corre-
V rl=0.13 V using the charge control model, represented an 
improvement of more than a factor of ten over that of the Si 
p-MOSFET with HfD2 gate dielectric (50-60 cm2 y-I s-I), 
and also was more than twice the reported low-field mobility 25 

of Ge and strained SiGe heterostructure PMOS devices. 
Improved mobility was observed for NWFETs with channel 
lengths from 0.19 to I mm (FIG. 11), with an average of 640 
cm2 y-I s-I. These improvements over planar device struc­
tures thus verified the performance benefit due to the quasi- 30 

ID transport in clean Ge/Si heterostructure nanowires. 

sponding to Vds values of -I, -0.1and0.01 V, respectively. 
The inset is a linear scale plot of Id versus V g measured at 
vds=-1 v. 

An important benchmark of transistor performance is the 
intrinsic delay, tau=CV/I, where C is the gate capacitance, 
V=V dd' and I is on current Ion· As defined, tau represents the 
fundamental RC (where R is the device resistance and C is the 
capacitance) delay of the device and provides a frequency 
limit for transistor operation that is relatively insensitive to 
gate dielectrics and device width, and thus represents a good 

Referring to FIG. 11, this figure shows length dependence 
of the nanowire inverse-transconductance. The inverse 
transconductance, Rm=llgm, was calculated from the linear 
scale transconductance, gm, at a bias voltage of I 0 m V and 
scales linearly with channel length from 190 nm to I 
micrometer. The linear increase was consistent with the 
charge control model at low bias, 

since the gate capacitances per unit length, C/L=SOO aF/mi­
crometer, was a constant in these devices (i.e., the devices 
have the same dielectric thickness and top gate geometry). 
The average mobility determined from these data is 640 
cm2/V s. 

The subthreshold region of the IaVg data was also ana­
lyzed and yielded values of the slope, S=-[ d(log10Id)/dV gr I, 
of 105 and 100 mV per decade for the L=I micrometer and 
190 nm NWFETs, respectively, for V ds =-IV (FIGS. SB and 
SC). Similar values of S were obtained from Ia V g data 
recorded on both devices using V ds from -0.01 to -IV, which 
indicated the absence of significant short-channel effects for 
devices down to at least L= 190 nm and good V g control of the 
channel potential over the competing effect of drain-induced 
barrier lowering at larger biases. 

In general, an FET with a small S may be desirable for 
modern logic circuits, as it reduces the off state current and 
minimizes static power dissipation. The value of S can be 
estimated by 2.3 kB Tlea, where Tis temperature and a is the 
gate-coupling factor, which yielded a room temperature mini­
mum ( a=I) of 60 m V per decade. The values ofS determined 
for the L= I mm and 190 nm Ge/Si NWFETs were higher than 
the best value (140 mV per decade) reported previously for 

parameter for comparing different types of devices. The cal­
culated intrinsic delays are 57 and 4 ps for devices A and B in 
FIG. S, respectively, where C was determined by numerical 

35 simulation (see below). A summary of the results from seven 
Ge/Si NWFETs versus Land the corresponding scaling for Si 
MOSFETs (FIG. 9A) shows several points. First, the data 
showed a speed advantage at a given L for the Ge/Si NWFETs 
versus Si p-MOSFETs. For example, the intrinsic delay for a 

40 190 nm Si planar device was larger than I 0 ps, about three 
times longer than device B. Second, the delay time for the 190 
nm Ge/Si device was about the same as that of similar-length 
CNTFET devices. Also, length scaling of tau was more favor­
able for the Ge/Si NWFETs than Si MOSFETs (that is, slope 

45 of -1.5 versus -1.1). This difference may be attributed to a 
suppression of scattering in the quasi-ID quantum confined 
Ge/Si nanowires versus MOSFETs. 

Calculation of mobility and intrinsic delay CV/I was per­
formed as follows. The gate capacitance, C, was calculated 

50 using numerical simulations on nanowire devices with a Ge 
core diameter of 14.6 nm and a Si shell thickness of 1.7 nm; 
these parameters were determined for devices using cross­
sectional TEMmeasurements. The thickness for Hf02 (k=23) 
and Zr02 (k=20) were 4 and 7 nm, respectively. Assuming the 

55 top gate conformally covered the top half of the nanowire as 
indicated by the cross-sectional TEM image, gate capaci­
tances per unit length of CL=SOO aF micrometers-I (HfD2 ) 

and 580 aF micrometers-I (Zr02 ) were obtained from two­
dimensional electrostatic simulations (Quickfield, Tera 

60 Analysis, Denmark). When scaled using the total diameter of 
the nanowire, gate capacitances per unit area of 44 and 32 fF 
micrometers-2 for the Hf02 and Zr02 dielectrics used were 
obtained, respectively. It should be noted that this calculation 
tends to overestimate the gate coupling capacitance because it 

65 does not include the effect of quantum capacitance from the 
finite density of states in the ID Ge channel, and does not 
consider the formation of interfacial silicon oxide layer that 
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tends to reduce the k value. Mobility was calculated from 
low-bias gm based on the charge control model: 

32 
is possible to tune V r for specific applications simply through 
a choice of top gate metal with specific work function in 
fabrication. 

The Ge/Si NWFETs also exhibited an increase in Id when 

where L is device gate length. FIG. 11 shows a linear rela­
tionship between the inverse transconductance and the chan­
nel length for three different devices, consistent with this 
model. For the intrinsic delay CV/I

0
m V=Vdd=l Vis the 

power supply voltage for both the V g swing and saturation 
bias. 

5 V g is increased to larger positive values (for example, FIG. S) 
owing to conduction by electron carriers (versus holes). To 
address this issue, devices with asymmetrical partial gates 
were characterized (FIG. lOB). Data recorded from a 
NWFET with bias voltage applied to contact 1 (proximal to 

10 the gate) and holding contact 2 at ground (FIG. lOC), 
V ds =V 12, showed ambipolar conduction like the fully gated 
device in FIG. S. Significantly, switching the source and drain 
electrodes (V ds =V 21 ) suppressed the ambipolar current from 
300 to 0.8 nA atVds=-1 V (FIG. lOD). These results can be 

To capture the off state leakage current property, the CV /I
0
n 

versus I
0
)I

0
ffratio was studied. Full control of the threshold 

voltage was assumed, allowing a window ofVg(on)-Vg(oilJ= 

15 explained by the corresponding band diagrams (insets, FI GS. 
lOC and lOD). In the first case, electron injection at the drain 
increased with increasing V g and ultimately dominated the 
current, while in the second, the ungated region near contact V dd= 1 V to move along the V g axis and define a pair ofl

0
n and 

I
0
ff value from the I[ V g data plot. The CV /In versus I

0
)I

0
ff 

data for devices A and B (FIG. 9B) showed the trade-off 20 

between high speed and small leakage. The smallest tau was 
observed at the largest I

0
m although this corresponded to a 

minimum on/off ratio. As the on/off ratio increased, tau also 
increased, until the on/off ratio reached a maximum limited 
by ambipolar conduction (see below). The arrows corre- 25 

sponded to the intrinsic delay values obtained from the 
70-30% criteria used to define I

0
n in the benchmark plot in 

FIG. 9A, and showed that the I
0
)I

0
ffratios for the A and B 

devices are 100 and 580, respectively. On/off ratios for the 
rest of the devices in FIG. 9A all were within this range. The 30 

on/off ratio was expected to reach 104 -105 as the subthreshold 
slope was improved to the ideal value of 60 m V per decade. 
Studies of strained SiGe planar devices showed that sub­
threshold slopes of 66-70 m V per decade were achievable, 
although it should be noted that the on/off ratio of 102 may 35 

already meet a lower practical limit for certain high-perfor­
mance applications. 

FIG. 9 shows a benchmark and comparison of these Ge/Si 
FETs. FIG. 9A shows intrinsic delay tau versus channel 
length for seven different Ge/Si nanowire devices with Hf02 40 

dielectric (open circles) and Zr02 dielectric (open squares). 
Data for devices A and B are included. The I

0
n values were 

measured at V g(on)=V r0.7V dd· The dashed line is a fit to the 
data points while the solid line is the Si p-MOSFET from the 
literature. FIG. 9B shows intrinsic delay versus on/off ratio 45 

for the two devices in FIG. S. Arrows indicate the values of 
intrinsic delay used in FIG. 9A. 

The above Ge/Si NWFETs are depletion-mode devices 
with threshold voltages V z>O, and require V g>V rto be turned 
off. However, enhancement-mode FETs with V r<O, which 50 

were off for V g =O, were more desirable because they con­
sumed less static power. In addition and as discussed above, 
obtaining the optimal device operation may depend on the full 
control of the threshold voltage. The top gated structure (FIG. 
7C) may be used to tune V r through variations in the gate 55 

metal work function. Comparison of I[Vg data recorded 
using Au and Al metal gates (FIG. lOA) showed a change 
from depletion mode, V r=+0.65 V, to enhancement mode 
V r=-0.65V, while other key device parameters remain the 
same. Measurements made on 68 NWFETs yielded average 60 

threshold values of0.53±0.17 and -0.72±0.25 V for Au and 

2 acted as a thick barrier to electron transport and suppressed 
electron current even at large downward bending of the con­
duction band. 

The reduction in ambipolar current using this device struc-
ture did not appear to limit other key NWFET characteristics. 
The on state conductance and transconductance (FIG. lOE) 
showed no degradation compared to fully gated devices with 
similar dimensions (for example, FIG. lOA), and S (FIG. 
1 OD) showed little V ds dependence, indicating good gate con­
trol. These observations contrasted with experiments on 
CNTFETs with similar gate structures, which may have been 
limited by the presence of Schottky barriers at the CNT con­
tacts. Such limitations do not exist for Ge/Si NWFETs, which 
do not have contact barriers, and thus the asymmetrical gate 
structure can yield unipolar NWFETs without sacrificing per­
formance. 

FIG. 10 shows the control of threshold voltage and ambi­
polar conduction through device design. FIG. lOA shows 
I[Vg curves for two L=300 nm devices with Au (upper) and 
Al (lower) top gate electrodes (Vds=-1 V). The inset shows 
histogram ofV r with the same V g axis for a total of 68 L=300 
nm devices with Au (right) and Al (left) top gates. The solid 
lines correspond to Gaussian fits to the two distributions. FIG. 
SB show a schematic and SEM image of the asymmetrical 
gate structure designed to suppress ambipolar conduction. 
The scale bar is 300 nm. FIG. SC shows I[Vg of a partially 
gated device with ambipolar conduction; bias was applied to 
contact 1 (V ds =V 12). The inset is a schematic of band bending 
in the NWFET at finite bias. The arrow denotes electron 
injection at the drain contact. FIG. SD shows I[Vg for 
V ds =V 2 I. The inset shows a schematic of band bending with 
electron injection denoted by arrow. The upper, middle, and 
lower curves in FIGS. lOC and lOD correspond to V ds values 
of -1, -0.8 and -0.6V, respectively. FIG. SE is a linear scale 
I[Vg (Vds=-1 V) forthe devices in FIGS. lOC and lOD. The 
two devices have the same peak gm =35 microsiemens and 
Id(max)=73 microamperes. 

In summary, these examples demonstrate top-gated Ge/Si 
NWFET heterostructures with high-k dielectrics that exhibit 
scaled transconductance and on-current values of 3.3 mS 
micrometers-I and 2.1 mA micrometers-I. In addition, the 
Ge/Si NWFET hole mobility was 730 cm2 v-I s-I. These 
values, together with the demonstrated control over threshold 
voltage and ambipolar behavior, show the ability of the Ge/Si 
NWFETs discussed in this example. 

Al top gates, respectively, and thus demonstrated the repro­
ducibility of this effect in the Ge/Si NWFETs. The V rshift of 
1.25 V corresponded approximately to the work function 
difference betweenAu (<I> Au =5.31-5.47 eV) andAl (<I> A 1=4.28 
eV) with small deviations attributable to metal/dielectric 
interface states. More generally, these results indicated that it 

While several embodiments of the present invention have 
65 been described and illustrated herein, those of ordinary skill 

in the art will readily envision a variety of other means and/or 
structures for performing the functions and/or obtaining the 
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results and/or one or more of the advantages described herein, 
and each of such variations and/or modifications is deemed to 

34 
and every element specifically listed within the list of ele­
ments and not excluding any combinations of elements in the 
list of elements. This definition also allows that elements may 
optionally be present other than the elements specifically 
identified within the list of elements to which the phrase "at 
least one" refers, whether related or unrelated to those ele­
ments specifically identified. Thus, as a non-limiting 
example, "at least one of A and B" (or, equivalently, "at least 
one of A or B," or, equivalently "at least one of A and/or B") 

be within the scope of the present invention. More generally, 
those skilled in the art will readily appreciate that all param­
eters, dimensions, materials, and configurations described 
herein are meant to be exemplary and that the actual param­
eters, dimensions, materials, and/or configurations will 
depend upon the specific application or applications for 
which the teachings of the present invention is/are used. 
Those skilled in the art will recognize, or be able to ascertain 
using no more than routine experimentation, many equiva­
lents to the specific embodiments of the invention described 
herein. It is, therefore, to be understood that the foregoing 
embodiments are presented by way of example only and that, 
within the scope of the appended claims and equivalents 
thereto, the invention may be practiced otherwise than as 
specifically described and claimed. The present invention is 
directed to each individual feature, system, article, material, 
kit, and/or method described herein. In addition, any combi­
nation of two or more such features, systems, articles, mate­
rials, kits, and/or methods, if such features, systems, articles, 
materials, kits, and/or methods are not mutually inconsistent, 

10 can refer, in one embodiment, to at least one, optionally 
including more than one, A, with no B present (and optionally 
including elements other than B); in another embodiment, to 
at least one, optionally including more than one, B, with no A 
present (and optionally including elements other thanA); in 

15 yet another embodiment, to at least one, optionally including 
more than one, A, and at least one, optionally including more 
than one, B (and optionally including other elements); etc. 

It should also be understood that, unless clearly indicated 
to the contrary, in any methods claimed herein that include 

20 more than one step or act, the order of the steps or acts of the 
method is not necessarily limited to the order in which the 
steps or acts of the method are recited. 

is included within the scope of the present invention. In the claims, as well as in the specification above, all 
transitional phrases such as "comprising," "including," "car-All definitions, as defined and used herein, should be 

understood to control over dictionary definitions, definitions 
in documents incorporated by reference, and/or ordinary 
meanings of the defined terms. 

The indefinite articles "a" and "an," as used herein in the 
specification and in the claims, unless clearly indicated to the 
contrary, should be understood to mean "at least one." 

25 rying," "having," "containing," "involving," "holding," 
"composed of," and the like are to be understood to be open­
ended, i.e., to mean including but not limited to. Only the 
transitional phrases "consisting of' and "consisting essen­
tially of' shall be closed or semi-closed transitional phrases, 

30 respectively, as set forth in the United States Patent Office 
The phrase "and/ or," as used herein in the specification and 

in the claims, should be understood to mean "either or both" 
of the elements so conjoined, i.e., elements that are conjunc­
tively present in some cases and disjunctively present in other 
cases. Multiple elements listed with "and/or" should be con- 35 

struedin the same fashion, i.e., "one or more" of the elements 

Manual of Patent Examining Procedures, Section 2111.03. 
What is claimed is: 
1. An electronic device, comprising: 
a nano scale wire consisting essentially of a core consisting 

essentially of undoped germanium and a shell surround­
ing the core consisting essentially of undoped silicon, 
the shell in physical contact with a first contact consist­
ing essentially of nickel metal and a second contact, 
wherein the shell of the nano scale wire and the nickel 
metal contact form a Schottky barrier ofless than 0.5 e V, 
and wherein the nanoscale wire exhibits ballistic trans­
port when subjected to a voltage via the first and second 
contacts. 

so conjoined. Other elements may optionally be present other 
than the elements specifically identified by the "and/or" 
clause, whether related or unrelated to those elements spe­
cifically identified. Thus, as a non-limiting example, a refer- 40 

ence to "A and/or B", when used in conjunction with open­
ended language such as "comprising" can refer, in one 
embodiment, to A only (optionally including elements other 
than B); in another embodiment, to B only (optionally includ­
ing elements other than A); in yet another embodiment, to 
both A and B (optionally including other elements); etc. 

2. The electronic device of claim 1, wherein the nanoscale 
45 wire has a maximum width of less than about 500 nm. 

As used herein in the specification and in the claims, "or" 
should be understood to have the same meaning as "and/or" 
as defined above. For example, when separating items in a 
list, "or" or "and/or" shall be interpreted as being inclusive, 50 

i.e., the inclusion of at least one, but also including more than 
one, of a number or list of elements, and, optionally, addi­
tional unlisted items. Only terms clearly indicated to the 
contrary, such as "only one of' or "exactly one of," or, when 
used in the claims, "consisting of," will refer to the inclusion 55 

of exactly one element of a number or list of elements. In 
general, the term "or" as used herein shall only be interpreted 
as indicating exclusive alternatives (i.e. "one or the other but 
not both") when preceded by terms of exclusivity, such as 
"either," "one of," "only one of," or "exactly one of." "Con- 60 

sisting essentially of," when used in the claims, shall have its 
ordinary meaning as used in the field of patent law. 

As used herein in the specification and in the claims, the 
phrase "at least one," in reference to a list of one or more 
elements, should be understood to mean at least one element 65 

selected from any one or more of the elements in the list of 
elements, but not necessarily including at least one of each 

3. An electronic device, comprising: 
an FET comprising a nanowire having a transconductance 

of at least about 30 microsiemens, the nanoscale wire 
consisting essentially of a core consisting essentially of 
undoped germanium and a shell surrounding the core 
consisting essentially ofundoped silicon, the nanoscale 
wire being disposed between a first contact consisting 
essentially of nickel and a second contact, wherein the 
nanoscale wire exhibits ballistic transport when sub­
jected to a voltage via the first and second contacts. 

4. The electronic device of claim 3, wherein the nanowire 
has a transconductance of at least about 40 microsiemens. 

5. The electronic device of claim 3, wherein the nanowire 
has a transconductance of at least about 50 microsiemens. 

6. The electronic device of claim 3, wherein the nanoscale 
wire has a maximum width of less than about 500 nm. 

7. An electronic device, comprising: 
an FET comprising a nanowire having a scaled transcon­

ductance per unit length of at least about 1 mA/micron, 
the nanoscale wire consisting essentially of a core con­
sisting essentially of undoped germanium and a shell 
surrounding the core consisting essentially of undoped 
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silicon, the nanoscale wire being disposed between a 
first contact consisting essentially of nickel and a second 
contact, wherein the nanoscale wire exhibits ballistic 
transport when subjected to a voltage via the first and 
second contacts. 

8. The electronic device of claim 7, wherein the nanowire 
has a scaled transconductance of at least about 2 mA/micron. 

36 
9. The electronic device of claim 7, wherein the nanowire 

has a scaled transconductance of at least about 3 mA/micron. 
10. The electronic device of claim 7, wherein the nanowire 

has a scaled transconductance of at least about 4 mA/micron. 
11. The electronic device of claim 7, wherein the nanoscale 

wire has a maximum width of less than 500 nm. 

* * * * * 
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considered by examiner PROSECUTION 2

04-07-2010 1449 List of References cited by applicant and
considered by examiner PROSECUTION 1

04-07-2010 1449 List of References cited by applicant and
considered by examiner PROSECUTION 17

04-07-2010 1449 List of References cited by applicant and
considered by examiner PROSECUTION 2

04-07-2010 1449 List of References cited by applicant and
considered by examiner PROSECUTION 2

02-10-2010 IDS Information Disclosure Statement (IDS)
Form (SB08) PROSECUTION 2

02-10-2010 NPL Non Patent Literature PROSECUTION 1

02-10-2010 NPL Non Patent Literature PROSECUTION 8

02-10-2010 NPL Non Patent Literature PROSECUTION 2

02-10-2010 NPL Non Patent Literature PROSECUTION 3

02-10-2010 NPL Non Patent Literature PROSECUTION 1

02-10-2010 NPL Non Patent Literature PROSECUTION 1

02-10-2010 NPL Non Patent Literature PROSECUTION 3

02-10-2010 NPL Non Patent Literature PROSECUTION 3

02-10-2010 NPL Non Patent Literature PROSECUTION 4

02-10-2010 NPL Non Patent Literature PROSECUTION 2

02-10-2010 NPL Non Patent Literature PROSECUTION 2

02-10-2010 NPL Non Patent Literature PROSECUTION 1

02-10-2010 NPL Non Patent Literature PROSECUTION 3Privacy - Terms
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02-10-2010 NPL Non Patent Literature PROSECUTION 11

02-10-2010 NPL Non Patent Literature PROSECUTION 3

02-10-2010 NPL Non Patent Literature PROSECUTION 2

02-10-2010 NPL Non Patent Literature PROSECUTION 2

02-10-2010 NPL Non Patent Literature PROSECUTION 2

02-10-2010 NPL Non Patent Literature PROSECUTION 2

02-10-2010 NPL Non Patent Literature PROSECUTION 3

02-10-2010 NPL Non Patent Literature PROSECUTION 3

02-10-2010 NPL Non Patent Literature PROSECUTION 1

02-10-2010 NPL Non Patent Literature PROSECUTION 4

02-10-2010 NPL Non Patent Literature PROSECUTION 3

02-10-2010 NPL Non Patent Literature PROSECUTION 7

02-10-2010 NPL Non Patent Literature PROSECUTION 1

02-10-2010 NPL Non Patent Literature PROSECUTION 1

02-10-2010 NPL Non Patent Literature PROSECUTION 2

02-10-2010 NPL Non Patent Literature PROSECUTION 2

02-10-2010 NPL Non Patent Literature PROSECUTION 2

02-10-2010 NPL Non Patent Literature PROSECUTION 1

02-10-2010 NPL Non Patent Literature PROSECUTION 1

02-10-2010 NPL Non Patent Literature PROSECUTION 2

02-10-2010 NPL Non Patent Literature PROSECUTION 2

02-10-2010 NPL Non Patent Literature PROSECUTION 9

02-10-2010 NPL Non Patent Literature PROSECUTION 6

02-10-2010 NPL Non Patent Literature PROSECUTION 4

02-10-2010 NPL Non Patent Literature PROSECUTION 5

02-10-2010 NPL Non Patent Literature PROSECUTION 2

02-10-2010 NPL Non Patent Literature PROSECUTION 3

02-10-2010 NPL Non Patent Literature PROSECUTION 34

02-10-2010 NPL Non Patent Literature PROSECUTION 4

02-10-2010 N417 EFS Acknowledgment Receipt PROSECUTION 7

02-10-2010 TRAN.LET Transmittal Letter PROSECUTION 1

02-10-2010 TRAN.LET Transmittal Letter PROSECUTION 3

01-05-2010 A... Amendment/Req. Reconsideration-After Non-
Final Reject PROSECUTION 1

01-05-2010 CLM Claims PROSECUTION 7

01-05-2010 REM Applicant Arguments/Remarks Made in an
Amendment PROSECUTION 1

01-05-2010 N417 EFS Acknowledgment Receipt PROSECUTION 2

01-05-2010 136A Authorization for Extension of Time all replies PROSECUTION 2

01-05-2010 WFEE Fee Worksheet (SB06) PROSECUTION 1

12-08-2009 NTC.A.NONCPL Notice to the applicant regarding a non-
compliant or non-responsive amendment PROSECUTION 3

11-02-2009 IDS Information Disclosure Statement (IDS)
Form (SB08) PROSECUTION 2

11-02-2009 FOR Foreign Reference PROSECUTION 9

11-02-2009 NPL Non Patent Literature PROSECUTION 28

11-02-2009 NPL Non Patent Literature PROSECUTION 21

11-02-2009 NPL Non Patent Literature PROSECUTION 22

11-02-2009 NPL Non Patent Literature PROSECUTION 8
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11-02-2009 NPL Non Patent Literature PROSECUTION 20

11-02-2009 NPL Non Patent Literature PROSECUTION 26

11-02-2009 NPL Non Patent Literature PROSECUTION 26

11-02-2009 NPL Non Patent Literature PROSECUTION 11

11-02-2009 NPL Non Patent Literature PROSECUTION 5

11-02-2009 NPL Non Patent Literature PROSECUTION 2

11-02-2009 NPL Non Patent Literature PROSECUTION 6

11-02-2009 NPL Non Patent Literature PROSECUTION 4

11-02-2009 N417 EFS Acknowledgment Receipt PROSECUTION 4

11-02-2009 TRAN.LET Transmittal Letter PROSECUTION 2

11-02-2009 TRAN.LET Transmittal Letter PROSECUTION 2

09-30-2009 ELC. Response to Election / Restriction Filed PROSECUTION 2

09-30-2009 N417 EFS Acknowledgment Receipt PROSECUTION 2

09-30-2009 TRAN.LET Transmittal Letter PROSECUTION 2

09-10-2009 CTRS Requirement for Restriction/Election PROSECUTION 5

09-10-2009 FWCLM Index of Claims PROSECUTION 2

04-21-2009 EBCC.AD
Notice of Change of Address placed in File
Wrapper due to EBC Customer Number
update

PROSECUTION 1

04-02-2009 IDS Information Disclosure Statement (IDS)
Form (SB08) PROSECUTION 2

04-02-2009 FOR Foreign Reference PROSECUTION 98

04-02-2009 FOR Foreign Reference PROSECUTION 86

04-02-2009 FOR Foreign Reference PROSECUTION 65

04-02-2009 FOR Foreign Reference PROSECUTION 76

04-02-2009 FOR Foreign Reference PROSECUTION 45

04-02-2009 FOR Foreign Reference PROSECUTION 69

04-02-2009 FOR Foreign Reference PROSECUTION 49

04-02-2009 NPL Non Patent Literature PROSECUTION 19

04-02-2009 NPL Non Patent Literature PROSECUTION 27

04-02-2009 NPL Non Patent Literature PROSECUTION 20

04-02-2009 NPL Non Patent Literature PROSECUTION 36

04-02-2009 NPL Non Patent Literature PROSECUTION 22

04-02-2009 371P Documents submitted with 371 Applications PROSECUTION 2

04-02-2009 371P Documents submitted with 371 Applications PROSECUTION 7

04-02-2009 371P Documents submitted with 371 Applications PROSECUTION 9

04-02-2009 371P Documents submitted with 371 Applications PROSECUTION 2

04-02-2009 371P Documents submitted with 371 Applications PROSECUTION 8

04-02-2009 371P Documents submitted with 371 Applications PROSECUTION 8

04-02-2009 371P Documents submitted with 371 Applications PROSECUTION 3

04-02-2009 371P Documents submitted with 371 Applications PROSECUTION 4

04-02-2009 371P Documents submitted with 371 Applications PROSECUTION 7

04-02-2009 371P Documents submitted with 371 Applications PROSECUTION 2

04-02-2009 371P Documents submitted with 371 Applications PROSECUTION 7

04-02-2009 371P Documents submitted with 371 Applications PROSECUTION 8

04-02-2009 NPL Non Patent Literature PROSECUTION 10

04-02-2009 NPL Non Patent Literature PROSECUTION 4

04-02-2009 NPL Non Patent Literature PROSECUTION 5

04-02-2009 NPL Non Patent Literature PROSECUTION 3Privacy - Terms
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04-02-2009 NPL Non Patent Literature PROSECUTION 5

04-02-2009 NPL Non Patent Literature PROSECUTION 4

04-02-2009 TRAN.LET Transmittal Letter PROSECUTION 4

11-06-2008 TRAN.LET Transmittal Letter PROSECUTION 5

11-06-2008 IDS Information Disclosure Statement (IDS)
Form (SB08) PROSECUTION 2

11-06-2008 FOR Foreign Reference PROSECUTION 8

11-06-2008 FOR Foreign Reference PROSECUTION 12

11-06-2008 FOR Foreign Reference PROSECUTION 10

11-06-2008 FOR Foreign Reference PROSECUTION 11

11-06-2008 FOR Foreign Reference PROSECUTION 134

11-06-2008 FOR Foreign Reference PROSECUTION 26

11-06-2008 FOR Foreign Reference PROSECUTION 35

11-06-2008 FOR Foreign Reference PROSECUTION 146

11-06-2008 NPL Non Patent Literature PROSECUTION 8

11-06-2008 NPL Non Patent Literature PROSECUTION 6

11-06-2008 NPL Non Patent Literature PROSECUTION 3

11-06-2008 NPL Non Patent Literature PROSECUTION 3

11-06-2008 NPL Non Patent Literature PROSECUTION 15

11-06-2008 NPL Non Patent Literature PROSECUTION 3

11-06-2008 NPL Non Patent Literature PROSECUTION 5

11-06-2008 NPL Non Patent Literature PROSECUTION 6

11-06-2008 NPL Non Patent Literature PROSECUTION 37

11-06-2008 NPL Non Patent Literature PROSECUTION 15

09-03-2008 LET. Miscellaneous Incoming Letter PROSECUTION 2

09-03-2008 STATUS.LET Request for status of Application PROSECUTION 1

09-03-2008 N417 EFS Acknowledgment Receipt PROSECUTION 2

08-14-2008 NTC.PUB Notice of Publication PROSECUTION 1

05-08-2008 NTC.PUB.DATE Notice of New or Revised Publication Date PROSECUTION 1

05-07-2008 L_R OUT Any document coming from L and R PROSECUTION 1

01-07-2008 N570 Communication - Re: Power of Attorney
(PTOL-308) PROSECUTION 1

12-21-2007 PA.. Power of Attorney PROSECUTION 4

10-22-2007 APP.FILE.REC Filing Receipt PROSECUTION 3

10-05-2007 PEFR Applicant Response to Pre-Exam Formalities
Notice PROSECUTION 5

10-05-2007 XT/ Extension of Time PROSECUTION 1

10-05-2007 OATH Oath or Declaration filed PROSECUTION 16

10-05-2007 DRW Drawings-only black and white line drawings PROSECUTION 5

10-05-2007 SCORE Placeholder sheet indicating presence of
supplemental content in SCORE PROSECUTION 1

08-03-2007 FOR Foreign Reference PROSECUTION 34

08-03-2007 FOR Foreign Reference PROSECUTION 205

08-03-2007 FOR Foreign Reference PROSECUTION 75

08-03-2007 FOR Foreign Reference PROSECUTION 77

08-03-2007 FOR Foreign Reference PROSECUTION 68

08-03-2007 FOR Foreign Reference PROSECUTION 43

08-03-2007 FOR Foreign Reference PROSECUTION 75

08-03-2007 FOR Foreign Reference PROSECUTION 61
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08-03-2007 FOR Foreign Reference PROSECUTION 56

08-03-2007 FOR Foreign Reference PROSECUTION 87

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 6

08-03-2007 NPL Non Patent Literature PROSECUTION 2

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 2

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 1

08-03-2007 NPL Non Patent Literature PROSECUTION 11

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 2

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 IDS Information Disclosure Statement (IDS)
Form (SB08) PROSECUTION 1

08-03-2007 IDS Information Disclosure Statement (IDS)
Form (SB08) PROSECUTION 17

08-03-2007 FOR Foreign Reference PROSECUTION 16

08-03-2007 FOR Foreign Reference PROSECUTION 2

08-03-2007 FOR Foreign Reference PROSECUTION 22

08-03-2007 FOR Foreign Reference PROSECUTION 62

08-03-2007 FOR Foreign Reference PROSECUTION 28

08-03-2007 FOR Foreign Reference PROSECUTION 68

08-03-2007 FOR Foreign Reference PROSECUTION 67

08-03-2007 FOR Foreign Reference PROSECUTION 41

08-03-2007 FOR Foreign Reference PROSECUTION 126

08-03-2007 FOR Foreign Reference PROSECUTION 36

08-03-2007 FOR Foreign Reference PROSECUTION 70

08-03-2007 FOR Foreign Reference PROSECUTION 62

08-03-2007 FOR Foreign Reference PROSECUTION 26

08-03-2007 FOR Foreign Reference PROSECUTION 76

08-03-2007 FOR Foreign Reference PROSECUTION 51

08-03-2007 FOR Foreign Reference PROSECUTION 34
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08-03-2007 FOR Foreign Reference PROSECUTION 50

08-03-2007 FOR Foreign Reference PROSECUTION 33

08-03-2007 FOR Foreign Reference PROSECUTION 115

08-03-2007 FOR Foreign Reference PROSECUTION 35

08-03-2007 FOR Foreign Reference PROSECUTION 173

08-03-2007 FOR Foreign Reference PROSECUTION 25

08-03-2007 FOR Foreign Reference PROSECUTION 65

08-03-2007 FOR Foreign Reference PROSECUTION 289

08-03-2007 FOR Foreign Reference PROSECUTION 22

08-03-2007 FOR Foreign Reference PROSECUTION 43

08-03-2007 FOR Foreign Reference PROSECUTION 95

08-03-2007 FOR Foreign Reference PROSECUTION 38

08-03-2007 FOR Foreign Reference PROSECUTION 82

08-03-2007 FOR Foreign Reference PROSECUTION 98

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 6

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 6

08-03-2007 NPL Non Patent Literature PROSECUTION 6

08-03-2007 NPL Non Patent Literature PROSECUTION 10

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 11

08-03-2007 NPL Non Patent Literature PROSECUTION 9

08-03-2007 NPL Non Patent Literature PROSECUTION 9

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 1

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 8

08-03-2007 NPL Non Patent Literature PROSECUTION 2

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 14

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 6

08-03-2007 NPL Non Patent Literature PROSECUTION 3
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08-03-2007 NPL Non Patent Literature PROSECUTION 6

08-03-2007 NPL Non Patent Literature PROSECUTION 2

08-03-2007 NPL Non Patent Literature PROSECUTION 6

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 7

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 9

08-03-2007 NPL Non Patent Literature PROSECUTION 9

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 2

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 11

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 13

08-03-2007 NPL Non Patent Literature PROSECUTION 7

08-03-2007 NPL Non Patent Literature PROSECUTION 12

08-03-2007 NPL Non Patent Literature PROSECUTION 13

08-03-2007 NPL Non Patent Literature PROSECUTION 19

08-03-2007 NPL Non Patent Literature PROSECUTION 12

08-03-2007 NPL Non Patent Literature PROSECUTION 10

08-03-2007 NPL Non Patent Literature PROSECUTION 11

08-03-2007 NPL Non Patent Literature PROSECUTION 11

08-03-2007 NPL Non Patent Literature PROSECUTION 8

08-03-2007 NPL Non Patent Literature PROSECUTION 14

08-03-2007 NPL Non Patent Literature PROSECUTION 7

08-03-2007 NPL Non Patent Literature PROSECUTION 12

08-03-2007 NPL Non Patent Literature PROSECUTION 18

08-03-2007 NPL Non Patent Literature PROSECUTION 18

08-03-2007 NPL Non Patent Literature PROSECUTION 17

08-03-2007 NPL Non Patent Literature PROSECUTION 17

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 22

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 7

08-03-2007 NPL Non Patent Literature PROSECUTION 10

08-03-2007 NPL Non Patent Literature PROSECUTION 7

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 6

08-03-2007 NPL Non Patent Literature PROSECUTION 9
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08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 7

08-03-2007 NPL Non Patent Literature PROSECUTION 11

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 1

08-03-2007 NPL Non Patent Literature PROSECUTION 7

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 5

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 2

08-03-2007 NPL Non Patent Literature PROSECUTION 9

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 8

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 3

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 7

08-03-2007 NPL Non Patent Literature PROSECUTION 4

08-03-2007 NPL Non Patent Literature PROSECUTION 3

06-22-2007 APP.FILE.REC Filing Receipt PROSECUTION 3

06-22-2007 PEFN Pre-Exam Formalities Notice PROSECUTION 2

06-15-2007 A.PE Preliminary Amendment PROSECUTION 1

06-15-2007 SPEC Specification PROSECUTION 1

06-15-2007 REM Applicant Arguments/Remarks Made in an
Amendment PROSECUTION 1

06-15-2007 LET. Miscellaneous Incoming Letter PROSECUTION 2

06-15-2007 WFEE Fee Worksheet (SB06) PROSECUTION 1

05-25-2007 TRNA Transmittal of New Application PROSECUTION 2

05-25-2007 SPEC Specification PROSECUTION 50

05-25-2007 CLM Claims PROSECUTION 7Privacy - Terms
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05-25-2007 ABST Abstract PROSECUTION 1

05-25-2007 DRW Drawings-only black and white line drawings PROSECUTION 12

05-25-2007 ADS Application Data Sheet PROSECUTION 4

05-25-2007 SCORE Placeholder sheet indicating presence of
supplemental content in SCORE PROSECUTION 1

05-25-2007 WFEE Fee Worksheet (SB06) PROSECUTION 1

If you need help:
Contact the Patent Electronic Business Center at (866) 217-9197 (toll free) or e-mail EBC@uspto.gov
(mailto:EBC@uspto.gov) for specific questions about Patent Application Information Retrieval (PAIR).
If you experience technical difficulties or problems with PAIR outside normal Patent Electronic Business Center
hours (M-F, 6AM to 12AM ET), please call 1 800-786-9199.
Send general questions about USPTO programs to the USPTO Contact Center (UCC)
(http://www.uspto.gov/web/menu/feedback.html) .

(http://www.uspto.gov/)
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PTO/SB/96 (07-09) 
Approved for use through 07/31 /2012. OMB 0651-0031 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the P erwork Reduction Act of 1995, no ersons are re uired to res and to a collection of information unless it dis la s a valid OMB control number. 

STATEMENT UNDER 37 CFR 3.73(b) 

Applicant/Patent Owner: President and Fellows of Harvard College 

Application No./Patent No.: 11/807,186 Filed/Issue Date: ____ M_a~y_2_5~, _2_00_7 ___ _ 

Titled: NANOWIRE HETEROSTRUCTURES 

President and Fellows of Harvard College , a Non-profit Corporation 
(Name of Assignee) (Type of Assignee, e.g., corporation, partnership, university, government agency, etc.) 

states that it is: 

1. ~ the assignee of the entire right, title, and interest in; 

2. D an assignee of less than the entire right, title, and interest in 

(The extent (by percentage) of its ownership interest is %); or 

3. D an assignee of an undivided interest in the entirety of (a complete assignment from one of the joint inventors was made) 

the patent application/patent identified above by virtue of either: 

A. G An assignment from the inventor(s) of the patent application/patent identified above. The assignment was 

recorded in the United States Patent and Trademark Office at Reel 019916 

Frame 0962 , or for which a copy thereof is attached. 

OR 

B. D A chain of title from the inventor(s), of the patent application/patent identified above, to the current assignee as follows: 

1. From: To: 

The document was recorded in the United States Patent and Trademark Office at 

Reel , Frame , or for which a copy thereof is attached. 

2. From: To: 

The document was recorded in the United States Patent and Trademark Office at 

Reel , Frame , or for which a copy thereof is attached. 

3. From: To: 

The document was recorded in the United States Patent and Trademark Office at 

Reel , Frame , or for which a copy thereof is attached. 

D Additional documents in the chain of title are listed on a supplemental sheet(s). 

As required by 37 CFR 3.73(b)(1)(i), the documentary evidence of the chain of title from the original owner to the 
assignee was, or concurrently is being, submitted for recordation pursuant to 37 CFR 3.11. 

[NOTE: A separate copy (i.e., a true copy of the original assignment document(s)) must be submitted to Assignment 
Division in accordance with 37 CFR Part 3, to record the assignment in the records of the USPTO. See MPEP 302.08] 

The undersigned (whose title is supplied below) is authorized to act on behalf of the assignee. 

/Timothy J. Oyer/ 09/29/10 
Signature Date 

Timothy J. Oyer, Ph.D. Attorney for Assignee 
Printed or Typed Name Title 

2107531.1 



PTOISB/80 (11-08) 
Approved for use through 1113012011. OMB 0651 ·0035 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are reouired to resoond to a collection of information unless it disolavs a valid OMB control number. 

POWER OF ATTORNEY TO PROSECUTE APPLICATIONS BEFORE THE USPTO 

I hereby revoke all previous powers of attorney given in the application identified in the attached statement under 
37 CFR 3.73(b). 
I hereby appoint: 

0 Practitioners associated with the Customer Number: 

I 
86110 

I OR 

D Practitioner(s) named below (if more than ten patent practitioners are lo be named, then a customer number must be used): 

Name Registration 
Name Registration 

Number Number 

as attomey(s) or agent(s) to represent the undersigned before the United States Patent and Trademark Office (USPTO) in connection with 
any and all patent applications assigned QDk to the undersigned according to the US PTO assignment records or assignment documents 
attached to this form in accordance with 37 CFR 3.73(b). 

Please change the correspondence address for the application identified in the attached statement under 37 CFR 3.73(b) tQ: 

0 The address associated with Customer Number: 

I 
86110 

I 
OR 

D Firm or I 
Individual Name 

Address 

City !state I I Zip 1· 
Country !Telephone I I Email! 

Assignee Name and Address: 

President and Fellows of Harvard College 
17 Quincy Street 
Cambridge, Massachusetts 02138 

A copy of this form,. to.gether with a !Statement under 37 CFR 3.73(b) (Form PTO/S.El/96 or equivalent} is required to be 
filed in each application in which this form is used.· The stater:nent under 37 CFR 3.73(b) .may be completed by one of 

· the practitioners appointed in this form if the appointed practitioner is authorized to act_on behalf of the assignee, 
and must identify the application in which this Power of Attorney is to be filed. 

SIGNATURE of Assignee of Record 
The individual whose signature and title is supplied below is autborized to act on behalf of the assignee 

Signature (~);~ .... _-:;_ (;1 ~ ~ !) Date 1k3/07 
Name Am1e Craiq v Telephone 617-495-3067 
Title Director of Intellectual Prooertv 

1716763.1 



APPLICATION NUMBER FILING OR 3 71 (C) DATE 

11/807,186 05/25/2007 

86110 
Harvard University & Medical School 
c/o Wolf, Greenfield & Sacks, P.C. 
600 Atlantic Avenue 
Boston, MA 02210-2206 

Ul\TfED STATES DEPA RTME'IT OF COMMERCE 
United States Patent and Trademark Office 
Adm"'· COMMISSIO'JER FOR PATENTS 

PO Box 1450 
Alexandria, Virgmia 22313-1450 
\VVi\V.USpto.gov 

FIRST NAMED APPLICANT ATTY. DOCKET NO./TITLE 

Wei Lu 
CONFIRMATION NO. 4013 

POA ACCEPTANCE LETTER 

111111111111111111111111]~!l]~~1~~1~~11~1~1HHJl 11111111111111111111111 

Date Mailed: 10/07/2010 

NOTICE OF ACCEPTANCE OF POWER OF ATTORNEY 

This is in response to the Power of Attorney filed 09/29/2010. 

The Power of Attorney in this application is accepted. Correspondence in this application will be mailed to the 
above address as provided by 37 CFR 1.33. 

/lhill/ 

Office of Data Management, Application Assistance Unit (571) 272-4000, or (571) 272-4200, or 1-888-786-0101 
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DECLARATION (37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN 
APPLICATION DATA SHEET (37 CFR 1.76) 

Title of 
Invention NANOWIRE HETEROSTRUCTURE$ 

As the below named inventor(s), Vwe declare that: 

This declaration is directed to: 

D The attached application, or 

0 Application No. 11/807, 186 flied on 05/25/2007 

D As amended on ------------ (if applicable); 
ltwe believe that I/we am/are the original and first inventor(s) of the subject matter which is claimed and for which a patent is 
sought; 

I/we have reviewed and understand the contents of the above-identified application, including the claims, as amended by any 
amendment specifically referred to above; 

I/we acknowledge the duty to disclose to the United States Patent and Trademark Office all information known to me/us to be 
material to patentability as defined in 37 CFR 1.56, including for continuation-in-part applications, material information which 
became available between the filing date of the prior application and the national or PCT International filing date of the 
continuation-in-part application. 

WARNING: 
Petitioner/applicant is cautioned to avoid submitting personal information in documents filed in a patent application that may 
contribute to identity theft. Personal information such as social security numbers, bank account numbers, or credit card 
numbers (other than a check or credit card authorization form PT0-2038 submitted for payment purposes) is never required by 
the USPTO to support a petition or an application. If this type of personal information is included in documents submitted to 
the USPTO, petitioners/applicants should consider redacting such personal information from the documents before submitting 
them to the USPTO. Petitioner/applicant Is advised that the record of a patent application is available to the public alter 
publication of the application (unless a non-publication request In compliance with 37 CFR 1.213(a) is made in the application) 
or issuance of a patent. Furthermore, the record from an abandoned application may also be available to the public ii the 
application is referenced in a published application or an issued patent (see 37 CFR 1.14). Checks and credit card 
authorization forms PT0-2038 submitted for payment purposes are not retained In the application file and therefore are not 
publicly available. 

All statements made herein of my/our own knowledge are true, all statements made herein on Information and belief are 
believed to be true, and further that these statements were made with the knowledge that willful false statements and the like 
are punishable by fine or imprisonment, or both, under 18 U.S.C. 1001, and may jeopardize the validity of the application or 
any patent issuing thereon. 

FULL NAME OF INVENTOR(S) 

Inventor one: Wei Lu oate: 'f I 1,.,0 (tJJ lo 

Signature: Citizen of: People's Republic of China 

lnventorC: _J_ie_X_ia_n ... g'------------ Date: _____ ·-·--------.. ·-·· 

Signature: Citizen of: People's Republic of China 

0 Additional inventors or a legal representative are being named on 1 additional form(s) attached hereto. 



DECLARATION FOR UTILITY OR DESIGN APPLICATION ADDITIONAL INVENTOR(S) 

USING AN APPLICATION DATA SHEET Supplemental Sheet 
Page 1of1 

Inventor three: Yue Wu Date: -

Signature: Citizen of: Peo(:!le's Re2ublic of China 

Inventor four: Brian P. Timko Date: 

Signature: Citizen of: us 

Inventor five: Hao Yan Date: 

Signature: Citizen of: Peoele's Reeublic of China 

Inventor six: Charles M. Lieber Date: 

Signature: Citizen of: us 

Inventor seven: Date: 

Signature: Citizen of: 

Inventor eight: Date: 

Signature: Citizen of: 

Inventor nine: Date: 

Signature: Citizen of: 

Inventor ten: Date: 

Signature: Citizen of: 

Inventor eleven: Date: 

Signature: Citizen of: 

Inventor twelve: Date: 

Signature: Citizen of: 

Inventor thirteen: Date: 

Signature: Citizen of: 

Inventor fourteen: Date: 

Signature: Citizen of: 

Page#2 
2098049.1 
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DECLARATION (37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN 
APPLICATION DATA SHEET (37CFR1.76) 

Title of NANOWIRE HETEROSTRUCTURES Invention 

As the below named inventor(s), I/we declare that: 

This declaration Is directed to: 

D The attached application, or 

0 Application No. 11/807 186 filed on 05/25/2007 

D As amended on (if applicable); 

I/we believe that I/we am/are the original and first inventor{s) of the subject matter which is claimed and for Which a patent is 
sought; 

I/we have reviewed and understand the contents of the above-identified application, including the claims, as amended by any 
amendment specifically referred to above; 

liwe acknowledge the duty to disclose to the United States Patent and Trademark Office all information known to me/us to be 
material to patentablllty as defined in 37 CFR 1.56, including for continuation-in-part applications, material information which 
became available between the filing date of the prior application and the national or PCT International filing date of the 
contlnuation-tn-part application. 

WARNING: 
Petitioner/applicant is cautioned to avoid submitting personal Information in documents filed in a patent application that may 
contribute to identity theft. Personal information such as social security numbers, bank account numbers, or credit card 
numbers (other than a check or credit card aulhorization form PT0-2038 submitted for payment purposes) is never required by 
the USPTO to support a petition or an application. If this type of personal information Is included in documents submitted to 
the USPTO. petitioners/applicants should consider redacting such personal information from the documents before submitting 
them to the USPTO. Petitioner/applicant is advised that the record of a patent application is available to the public after 
publication of the application (unless a non-publication request In compliance with 37 CFR t .213(a) is made in the application) 
or issuance of a patent. Furthermore, the record from an abandoned application may also be available to the public if the 
application is referenced in a published applicatlon or an issued patent (see 37 CFR 1.14). Checks and credit card 
authorization forms PT0-2038 submitted for payment purposes are not retained in the application file and therefore are not 
publicly available. 

All statements made herein of my/our own knowledge are true, all statements made herein on information and belief are 
believed to be true, and further that these statements were made with the knowledge that willful false statements and the like 
are punishable by line or imprisonment, or both, under 18 U.S.C. 1001, and may jeopardize the validtty of the application or 
any patent issuing thereon. 

FULL NAME OF INVENTOR(S) 

Inventor one: Wei Lu Date: 

Signature: Citizen of: Peo~le's Reeublic of China 

Inventor two: Jie Xiang Date: C,{_"t-3( ?_O{o 

~~-Signature: _ Citizen of: Peoele's Reeublic of China 

0 Additional inventors or a legal representative are being named on 1 additional form(s) attached hereto. 

Ccrtlflcato of El&clronlc Filing U )tier 37 CFA 1.a 
I hereby certity lhat this popor (along with any paper relerred to ns being anacii1 or onclosad) is being transmitted Vin 1ho Ofllco electronic liUng 
Gyslem in accrdan"'l With§ 1.6(a)(4). ! ~ 
Dated· j I f7J /() -·-- SIQnaturo: r-- ~ ' ...1(V '-l (Angela M. Grllllth) 

I\. I \ I 
I 
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DECLARATION FOR UTILITY OR DESIGN APPLICATION ADDITIONAL INVENTOR(S) 

USING AN APPLICATION DATA SHEET Supplemental Sheet 
Page 1of1 

Inventor three: Yue Wu Date; 

Signature: Citizen of: Peo12le's Re12ublic of China 

Inventor four: Brian P. Timko Date: 

Signature: Citizen of: us 

Inventor five: Hao Yan Date: 

Signature: Citizen of: Peo12le's Re12ublic of China 

Inventor six: Charles M. Lieber Date: 

Signature: Citizen of: us 

Inventor seven: Date: 

Signature: Citizen of: 

Inventor eight: Date: 

Signature: Citizen of: 

Inventor nine: Date: 

Signature: Citizen of: 

Inventor ten: Date: 

Signature: Citizen of: 
-

Inventor eleven: Date: 

Signature: Citizen of: 

Inventor twelve: Date: 

Signature: Citizen of: 

Inventor thirteen: Date: 

Signature: Citizen of: 

Inventor fourteen: Date: 

Signature: Citizen of: 

Page#2 
2098049.1 



DECLARATION (37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN 
APPLICATION DATA SHEET (37CFR1.76) 

Title of NANOWIRE HETEROSTRUCTURES Invention 

--As the below named inventor{s). I/we declare that: 
''""' ___ ,,,_ 

·~·-.. --.·~'"''""'"" .... 

This declaration is directed to: 

0 The attached application, or 

0 Application No. 11/807,186 filed on --· 05/25129_07 

0 As amended on (if applicable); 

lfwe beUeve that I/We am/are the original and first inventoi(s) of the subject matter which is claimed and for which a patent is 
sought; 

I/we have rev.iewed and understand the contents ot the above-Identified application, including the claims, as amended by any 
amendment specifically referred to above; 

I/we acknowledge the duty to disclose to the United Stales Patent and Trademark Office all information known to me/us to be 
material to palentability as defined in 37 CFR 1 .56, including for continuation-In-part applications, material information which 
became available between the filing date of the prior application and the national or PCT International filing date of the 
continuation-in.part application. 

WARNING: 
Petitioner/applicant is cautioned to avoid submitting personal information in documents filed in a patent application that may 
contribute to identity theft. Personal information such as social security numbers, bank account numbers, or credit card 
numbers (other than a check or credit card authorization form PT0•2038 submitted for payment purposes) is never required by 
the USPTO to support a petition or an application. If this type of personal information is Included in documents submitted to 
the USPTO, pemionerslapplicants should consider redacting such personal information from the documents before submitting 
them to the USPTO. Petitioner/applicant Is advised that the record of a patent application is available to the public alter 
publication of the application (unless a non-publication request in compliance with 37 CFR 1. 213(a) ls made in the application) 
or issuance of a patent. Furthermore, the record from an abandoned application may also be available to the public ii the 
application is referenced in a published application or an issued patent (see 37 CFR 1.14). Chocks and credit card 
authorization forms PT0-2038 submitted for payment purposes are not retained in the application Ille and therefore are not 
publicly available. 

All statements made heroin of my/our own knowledge are true, all statements made herein on information and belief are 
believed to be true, and further that these statements were made with the knowledge that wrllful false statements and the like 
are punishable by fine or imprisonment, or both, under 18 U.S.C. 1001, and may jeopardize the validity of the application or 
any patent issuing thereon. 

FULL NAME OF INVENTOR(S) 

Inventor one: Wei Lu Date: 

Signature: Citizen of: Peoele's Reeubfic of China 

Inventor two: Ji~ .. ~!ang .... "" 
Date: _,.,,,.,, ,.._,._,R ___ ...... ,~ff<< .... #,_ 

Signature: ........ .., . ..,,"_ Citizen of: Peoele's Reeublic_gt China 

0 Additional inventors or a legal representative are being named on __ 1 __ additional form(s) attached hereto. 

Certlf!cate ol Electronic Fl~tln Under 37 CFR 1.8 
I hereby corti1y that this paper (along with any paper referred lo as being a11a d or enclosed) is being transmilled vla Ille Olfico electronic filing 
system in aooarance wid1 § 1.6(a}(4). 

Da1ed: _llu :J l 1 Q___ Signature: Cf ·- .... __ (Angola M Grilf[tll) 
I \ '-. I 



DECLARATION FOR UTILITY OR DESIGN APPLICATION ADDITIONAL INVENTOR($) 

USING AN APPLICATION DATA SHEET Supplemental Sheet 
Page 1of1 

Inventor three: Yue Wu /1 / ./! Date: f) <j 1-v.:f 1-uJ ({) -uvt ~/ ' 
Signature: Citizen of: People's Republic of China 

Inventor four: Brian P. Timko Date: ..... 

Signature: 
"""" --· Citizen of: --- ..,,_,,. us 

""' .. 

Inventor five: Hao Yan ,,,_ Date: 
--"'" .............. 

Signature: Citizen of: People's Re[?ublic of China 

Inventor six: Charles M. Lieber Date: ··-- ·-" 
Signature: Citizen of: us 

Inventor seven: Date: 

Signature: 
......... M .. _,,, Citizen of: ,,_ 

Inventor eight: Date: 

Signature: 
""'''''"'"" 

_,, Citizen of: 
""'"'""'"' 

Inventor nine: Date: .. 

Signature: Citizen of: 

Inventor ten: Date: --..... -

Signature: Citizen of: 

Inventor eleven: Date: 

Signature: Citizen of: 

Inventor twelve: Date: 
~ ................ -.. 

Signature: Citizen of: 

Inventor thirteen: Date: 

Slgnature: Citizen of: 

Inventor fourteen: Date: 

Signature: Citizen of: 

Page#2 
2098049.1 



DECLARATION {37 CFR 1.63) FOR UtlLITY OR DESIGN APPLICATION USING AN 
APPLICATION DATA SHEET {37CFR1.76) 

Title of NANOWIAE HETEROSTRUCTURE$ Invention 

As the below named inventor(s), I/we declare that: 

This declaration is directed to: 

0 lhe attached appllcation, or 

GJ Application No. 1118071"186 filed on 05/25/2007 

0 As amended on (if applicable); 

I/we believe that I/we arnlare the original anti first lnventor(s) of the subject matter wflioh Is claimed and for which a patent is 
sought: 

1/wo tiave reviewed and understantl the contents of the above-identified application, including the claimi;, as arnendoo by any 
amendment specifically referred to above; 

I/we acknowledge \he duty to dlsclo!Se to the United States Patent and 1'rademark Office all information known to me/us to be 
rnaterlal to i:>atentablllty as defined in 37 CFR 1.56, including for contlnuation·ln-part applications, material information which 
became available between t!"Hi! filing date of the prior application and the national or PCT lnlernational filing date of the 
c::ontinuatlon-in-riart application. 

WARNING: 
Petitioner/applicant is cautioned to avoid submitting personal information In dc::euments med in a patent applicalion ttiat may 
contribute to identity theft. Personal Information such as social security numbers, bank account number$, or credit card 
numbers (other than a check or credit card authorization form PT0-2038 submitted for payment purposes) is never required by 
the USPTO to support a petition or an application. If this type of persona\ information i$ Included in documents submitted to 
the USPTO, petltioners/applioants should consider redacting such pet$onal information from the documents before submll\lng 
them to the USPtO. Petitioner/ariplicant is advised that the record of a riatcnt application Is available to the public after 
publication of the application (unless a non-publication request in eomplianee with 31 CFR 1.213{lil) Is made in the oipplication) 
or issuance of a patent. Furthermore, the record from an abandoned application may also be available to the public if the 
application is referenced in a p1,1bllshed application or an Issued patent {see 37 OFR 1.14). Check..-; and credit card 
;iuthorizatlon forms PT0·203S submitted for payment purpose$ are not retained in the application file and therefore are not 
publicly availe.ble. 

All statements made herein of my/our own knowledge are true, all statements made herein on information and belief are 
believed to be true, and lurttier that these statements were made with the knowl$dge that willful false statements and the like 
are punishable by fine or imprisonment, or bOth, under 18 U.S.C. t 001, and may jeopardize the validity of the application or 
<!.ny patent issuing thereon. 

FULL NAME OF INVENTOR($) 

Inventor one: Wei Lu Date: -
Signature: Citizen of: Peo1:1le's Ref2Ublic of China 

Inventor two: Jie Xiang Date: 

Signature: Citizen of: PeoEle's Ref2Ublic ot China 

0 Additional inventors ot a legal representative are being named on 1 additional form(s) attached herelo. 

CertltlC<111C ot Eklctronlc l'l~91n Um;tqr 37 CFR 1.B 
I hereby certify thal \his papet (along with any paper referre(l lo as baing a P.d or enefosed) is being ttansmitled via the Office eleetronlc filina 
system In accori;tance2ilh § t .6(;1)(4). 

Dated: I • I 1
....., ID . Signa,y~ -...... "" . (An9e1a M. Grillit.11) ~~ U\1 -. 

cO!W 'd 'ON X!J:l Wd 8I:cI IH:l OIOc-IO-lOO 



DECLARATION FOR UTILITY OR DESIGN APPLICATION ADDITIONAL INVENTOR(S) 
USING AN APPLICATION DATA SHEET Supplemental Sheet 

Page> 1of1 

Inventor three: Yue Wu Date: 

Signature: Citizen of:_ Peo121e·s Reeublic of China 

Inventor lour: Brian P. Timko Date: 10/1/zu/O 
?!--- t?. --~ I ( 

Slgnal\.lre: u 7/ Citizen of: us 

Inventor five: Hao Yan Date: 

Signature: Citizen of: Peo12le's Ree_!,!blic of China 

Inventor six: Charles M. Lieber Date: 

Signature: Citizen of: us 

Inventor seven: Date: 

Signature: Citizen of: 

Inventor eight: Date; 

Signature: Citizen of: 

Inventor nine: Date: 

Signature: Citizen of: 

Inventor ten: Date: 

Signature: Citizen of: 

Inventor eleven: Date: 

Signature: Citizen of: 

Inventor twelve: . Date: 

Signature: Citizen of: 

Inventor thirteen: Date: 

Signature: ·- Citizen of: 

Inventor fourteen: Date: 

Signature: Citizen of: 

Page# 2 
2096049.1 

GO/cm 'd 'ON X\7.:I 



DECLARATION (37CFR1.63) FOR UTILITY OR DESIGN APPLICATION USING AN 
APPLICATION DATA SHEET (37CFR1.76) 

Title of 
Invention NANOWIRE HETEROSTRUCTURES 

As the below named inventor(s), I/we declare that: 

This declaration is directed to: 

D The attached application, or 

0 Application No. ___ 1_1_/8_0_7_,_, 1_8'"""'6 ___ filed on 05/25/2007 

D As amended on (if applicable); 

I/we believe that I/we am/are the original and first inventor(s) of the subject matter which is claimed and for which a patent is 
sought; 

I/we have reviewed and understand the contents of the above-identified application, including the claims, as amended by any 
amendment specifically referred to above; 

I/we acknowledge the duty to disclose to the United States Patent and Trademark Office all information known to me/us to be 
material to patentability as defined in 37 CFR 1.56, including for continuation-in-part applications, material information which 
became available between the filing date of the prior application and the national or PCT International filing date of the 
continuation-in-part application. 

WARNING: 
Petitioner/applicant is cautioned to avoid submitting personal information in documents filed in a patent application that may 
contribute to identity theft. Personal information such as social security numbers, bank account numbers, or credit card 
numbers (other than a check or credit card authorization form PT0-2038 submitted for payment purposes) is never required by 
the USPTO to support a petition or an application. If this type of personal information is included in documents submitted to 
the USPTO, petitioners/applicants should consider redacting such personal information from the documents before submitting 
them to the USPTO. Petitioner/applicant is advised that the record of a patent application is available to the public after 
publication of the application (unless a non-publication request in compliance with 37 CFR 1.213(a) is made in the application) 
or issuance of a patent. Furthermore, the record from an abandoned application may also be available to the public if the 
application is referenced in a published application or an issued patent (see 37 CFR 1.14). Checks and credit card 
authorization forms PT0-2038 submitted for payment purposes are not retained in the application file and therefore are not 
publicly available. 

All statements made herein of my/our own knowledge are true, all statements made herein on information and belief are 
believed to be true, and further that these statements were made with the knowledge that willful false statements and the like 
are punishable by fine or imprisonment, or both, under 18 U.S.C. 1001, and may jeopardize the validity of the application or 
any patent issuing thereon. 

FULL NAME OF INVENTOR(S) 

Inventor one: Wei Lu Date: ___________ _ 

Signature: Citizen of: People's Republic of China 

Inventor two: Jie Xiang Date: ____________ _ 

Signature: Citizen of: People's Republic of China 

0 Additional inventors or a legal representative are being named on 1 additional form(s) attached hereto. 

Certificate of Electronic~; g Under 37 CFR 1.8 . 
I hereby certify that this paper {along with any paper referred to as being a( 11ed or enclosed) is being transmitted via the Office electronic filing 
system in accordance with§ 1.6{a){4). 

Dated: j I /I j // 0 Signature: "' " {Angela M. Griffith) 
II\/ '\l , 



DECLARATION FOR UTILITY OR DESIGN APPLICATION ADDITIONAL INVENTOR(S) 

USING AN APPLICATION DATA SHEET Supplemental Sheet 
Page 1of1 

Inventor three: Yue Wu Date: 

Signature: Citizen of: Peo~le's Re~ublic of China 

Inventor four: Brian P. Timko Date: 

Signature: Citizen of: us 

Inventor five: Hao Yan ---- Date: <7/ ll ( I .P 

Signature: ~~...----- Citizen of: Peo~le's Re~ublic of China 

Inventor six: Charles M. Lieber - I Date: 9{?..l lto 
/ fA.:-_ .A_Jf/.'rJ..~itizenof: Signature: us 

Inventor seven: Date: 

Signature: Citizen of: 

Inventor eight: Date: 

Signature: Citizen of: 

Inventor nine: Date: 

Signature: Citizen of: 

Inventor ten: Date: 

Signature: Citizen of: 

Inventor eleven: Date: 

Signature: Citizen of: 

Inventor twelve: Date: 

Signature: Citizen of: 

Inventor thirteen: Date: 

Signature: Citizen of: 

Inventor fourteen: Date: 

Signature: Citizen of: 

Page#2 
2098049.1 



APPLICATION NUMBER PATENT NUMBER 

11/807,186 7858965 

Ul\TfED STATES DEPA RTME'IT OF COMMERCE 
United States Patent and Trademark Office 
Adm"'· COMMISSIO'JER FOR PATENTS 

PO Box 1450 
Alexandria, Virgmia 22313-1450 
\VVi\V.USpto.gov 

GROUP ART UNIT FILE WRAPPER LOCATION 

2815 9200 

1111111111111111111111 m~mmmmiUHlj ~~~~111111111111111111111111 

Correspondence Address/Fee Address Change 

The following fields have been set to Customer Number 86110 on 09/17/2010 
• Correspondence Address 
• Power of Attorney Address 

The address of record for Customer Number 86110 is: 

86110 
Harvard University & Medical School 
c/o Wolf, Greenfield & Sacks, P.C. 
600 Atlantic Avenue 
Boston, MA 02210-2206 

PART 1 - ATTORNEY/APPLICANT COPY 
page 1of1 
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  Patent eBusiness

Electronic Filing
Patent Application Information

(PAIR)
Patent Ownership
Fees
Supplemental Resources &

Support

Patent Information
Patent Guidance and General Info
(http://www.uspto.gov/patents/index.jsp)

Codes, Rules & Manuals
Employee & Office Directories
Resources & Public Notices

Patent Searches
Patent Official Gazette
(http://www.uspto.gov/news/og/patent_og/index.jsp)

Search Patents & Applications
Search Biological Sequences
Copies, Products & Services

Other
Copyrights
(http://www.uspto.gov/main/profiles/copyright.htm)
Trademarks
(http://www.uspto.gov/trademarks/index.jsp)
Policy & Law
(http://www.uspto.gov/main/policy.htm)
Reports
(http://www.uspto.gov/main/checkstatus.htm)

   Patent Application Information Retrieval
 Global Dossier  Order Certified Application As Filed  Order Certified File Wrapper   View Order List

 11/807,186 NANOWIRE HETEROSTRUCTURES
(/pair/PAIRPrintServlet)

 Patent Term Adjustment
Filing or 371(c) Date:  05-25-2007 Overlapping Days Between {A and B} or {A and C}:  0

Issue Date of Patent:  12-28-2010 Non-Overlapping USPTO Delays:  629

A Delays:  412 PTO Manual Adjustments:  0

B Delays:  217 Applicant Delays:  180

C Delays:  0 Total PTA Adjustments:  449

Patent Term Adjustment  History Explanation Of Calculations 

Number Date Contents Description PTO(Days) APPL(Days) Start

97.5 12-28-
2010 PTA 36 Months 217 0.5

97 12-28-
2010 Patent Issue Date Used in PTA Calculation 0

96 11-24-
2010 Export to Final Data Capture 0

95 11-23-
2010 Finished Initial Data Capture 0

94 11-23-
2010 Dispatch to FDC 0

93 11-19-
2010 Application Is Considered Ready for Issue 0

92 11-17-
2010 Supplemental Papers - Oath or Declaration 42 0

91 11-17-
2010 Issue Fee Payment Verified 0

90 11-17-
2010 Issue Fee Payment Received 0

89 10-07-
2010

Change in Power of Attorney (May Include Associate
POA) 0

88 10-07-
2010 Correspondence Address Change 0

87 09-17-
2010 Export to Initial Data Capture 0

86 09-17-
2010 Correspondence Address Change 0

84 09-14-
2010 Mail Notice of Allowance 0

83 09-13-
2010 Issue Revision Completed 0

82 09-13-
2010 Notice of Allowance Data Verification Completed 0

81 09-13-
2010 Case Docketed to Examiner in GAU 0

80 09-13-
2010 Document Verification 0

79 09-13-
2010 Examiner's Amendment Communication 0

78 09-13-
2010 Allowability Notice 0

77 07-12-
2010 Information Disclosure Statement considered 0

76 07-07-
2010 Information Disclosure Statement considered 0

70 07-12-
2010 Information Disclosure Statement (IDS) Filed 5 65

69 07-12-
2010 Information Disclosure Statement (IDS) Filed 0Privacy - Terms
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68 07-07-
2010 Reference capture on IDS 0

67 07-07-
2010 Information Disclosure Statement (IDS) Filed 0

66 07-11-
2010 Date Forwarded to Examiner 0

65 07-07-
2010 Response after Non-Final Action 0

64 07-07-
2010 Information Disclosure Statement (IDS) Filed 0

63 04-07-
2010 Mail Non-Final Rejection 0

62 04-06-
2010 Non-Final Rejection 0

61 08-03-
2007 Information Disclosure Statement considered 0

60 08-03-
2007 Information Disclosure Statement considered 0

59 11-06-
2008 Information Disclosure Statement considered 0

58 04-02-
2009 Information Disclosure Statement considered 0

57 11-02-
2009 Information Disclosure Statement considered 0

56 02-10-
2010 Information Disclosure Statement considered 0

55 02-10-
2010 Reference capture on IDS 0

54 02-10-
2010 Information Disclosure Statement (IDS) Filed 36 51

53 02-10-
2010 Information Disclosure Statement (IDS) Filed 0

52 02-06-
2010 Date Forwarded to Examiner 0

51 01-05-
2010 Response to Election / Restriction Filed 97 43

50 11-02-
2009 Information Disclosure Statement (IDS) Filed 0

49 11-02-
2009 Reference capture on IDS 0

48 12-08-
2009 Mail Notice of Informal or Non-Responsive Amendment 0

47 11-02-
2009 Information Disclosure Statement (IDS) Filed 0

46 11-06-
2008 Reference capture on IDS 0

45 11-06-
2008 Information Disclosure Statement (IDS) Filed 0

44 10-05-
2009 Date Forwarded to Examiner 0

43.1 09-30-
2009

Informal or Non-Responsive Amendment after Examiner
Action 0

43 09-30-
2009 Response to Election / Restriction Filed 0

42 04-02-
2009 Reference capture on IDS 0

41 04-02-
2009 Information Disclosure Statement (IDS) Filed 0

40 09-10-
2009 Mail Restriction Requirement 412 0.5

39 09-09-
2009 Restriction/Election Requirement 0
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38 04-20-
2009 Correspondence Address Change 0

37 04-02-
2009 Information Disclosure Statement (IDS) Filed 0

36 02-27-
2009 Case Docketed to Examiner in GAU 0

35 11-06-
2008 Information Disclosure Statement (IDS) Filed 0

34 09-03-
2008 Miscellaneous Incoming Letter 0

33 08-25-
2008 IFW TSS Processing by Tech Center Complete 0

32 08-03-
2007 Reference capture on IDS 0

31 08-03-
2007 Information Disclosure Statement (IDS) Filed 0

30 06-15-
2007 Preliminary Amendment 0

26 08-14-
2008 PG-Pub Issue Notification 0

25 05-28-
2008 Application Dispatched from OIPE 0

24 05-08-
2008 Sent to Classification Contractor 0

23 05-07-
2008 Receipt of all Acknowledgement Letters 0

22 05-07-
2008 Receipt of Acknowledgment Letter 0

21 05-07-
2008 Receipt of Acknowledgment Letter 0

20 05-07-
2008 Receipt of Acknowledgment Letter 0

19 10-22-
2007 Waiting LR clearance 0

18 10-22-
2007 Filing Receipt - Updated 0

17 10-05-
2007 Payment of additional filing fee/Preexam 0

15 10-05-
2007

A statement by one or more inventors satisfying the
requirement under 35 USC 115, Oath of the Applic 0

14 10-05-
2007

Applicant has submitted new drawings to correct
Corrected Papers problems 0

13 08-03-
2007 Information Disclosure Statement (IDS) Filed 0

12 08-03-
2007 Information Disclosure Statement (IDS) Filed 0

11 06-22-
2007

Notice Mailed--Application Incomplete--Filing Date
Assigned 0

9 06-20-
2007 Agency Referral Letter Mailed 0

8 06-20-
2007 Agency Referral Letter Mailed 0

7 06-20-
2007 Agency Referral Letter Mailed 0

6 06-15-
2007

Referred by L&R for Third-Level Security Review. Agency
Referral Letter Generated 0

5 06-15-
2007

Referred by L&R for Third-Level Security Review. Agency
Referral Letter Generated 0

4 06-15-
2007

Referred by L&R for Third-Level Security Review. Agency
Referral Letter Generated 0

3 06-15-
2007 Referred to Level 2 (LARS) by OIPE CSR 0
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2 06-08-
2007 IFW Scan & PACR Auto Security Review 0

1 05-29-
2007 Initial Exam Team nn 0

0.5 05-25-
2007 Filing date 0

If you need help:
Contact the Patent Electronic Business Center at (866) 217-9197 (toll free) or e-mail EBC@uspto.gov
(mailto:EBC@uspto.gov) for specific questions about Patent Application Information Retrieval (PAIR).
If you experience technical difficulties or problems with PAIR outside normal Patent Electronic Business Center
hours (M-F, 6AM to 12AM ET), please call 1 800-786-9199.
Send general questions about USPTO programs to the USPTO Contact Center (UCC)
(http://www.uspto.gov/web/menu/feedback.html) .
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Parent Continuity Data
Description Parent Number Parent Filing or

371(c) Date
AIA(First Inventor
to File)

Parent
Status

Patent
Number

This application is a Continuation
in part of PCT/US05/3434509-21-2005 - - -

Claims Priority from Provisional
Application 60/687,807 06-06-2005 - Expired -

Child Continuity Data
No Child Continuity Data Found
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Contact the Patent Electronic Business Center at (866) 217-9197 (toll free) or e-mail EBC@uspto.gov
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Pre-Grant Publications
Publication Number Publication Date Full-Text and Image
2008-0191196 A1 08-14-2008 View

Issued Patents
Patent Number Issue Date Full-Text and Image
7,858,965 12-28-2010 View
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Contact the Patent Electronic Business Center at (866) 217-9197 (toll free) or e-mail EBC@uspto.gov
(mailto:EBC@uspto.gov) for specific questions about Patent Application Information Retrieval (PAIR).
If you experience technical difficulties or problems with PAIR outside normal Patent Electronic Business Center
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Correspondence Address
Name: Wolf, Greenfield & Sacks, P.C. (Harvard)

Address: 600 Atlantic Avenue 
Boston MA 02210-2206

Customer Number: 86110

Attorney/Agent Information
Reg # Name Phone

77456 Alam, Saad 617-646-8503

46518 Amundsen, Eric 617-646-8000

68656 Attisha, Michael 617-646-8000

46533 Baker, Charles 617-646-8381

67110 Balich, Jason 617-646-8498

54986 Beede, Melissa 617-646-8000

77982 Beyersdorf, Matthew 617-646-8258

66256 Blackwell, Brandon 617-646-8360

76538 Boehm, Elizabeth 651-900-0133

75967 Borgas, Diana 617-646-8540

77641 Bowler, Joseph 617-646-8393

66600 Brandt, Joshua 617-646-8179

54000 Brass, Laura 617-817-3844

73490 Cauble, David Jr. 617-646-8575

72562 Chao, Jessica 617-646-8213

52728 Chen, Tani 617-646-8214

71438 Chimalakonda, Gitanjali 212-338-3591

70616 Chlebeck, Thomas 617-646-8000

65843 DiPietrantonio, Heather 617-646-8000

73865 Duffey, Matthew 617-646-8537

55151 El-Hayek, Roque 617-646-8000

39188 Ferraro, Neil 617-646-8267

63456 Franklin, Thomas 617-646-8000

77799 Gadre, Susmita 617-646-8164

75744 Gardel, Emily 617-646-8486

31616 Gates, Edward 617-646-8000

77265 Ge, Lingyin 617-646-8199

73869 Ge, Zhiyun 617-646-8472

72100 Gesner, David 617-646-8437

36149 Giunta, Richard 617-646-8000

67774 Goodberlet, James 617-646-8241

52957 Grady, Matthew 617-395-7000

32227 Granahan, Patricia 617-646-8250

72159 Greenwald, Eric 212-336-3863

75481 Hamzik, Philip 617-646-8300

39213 Hanifin, James Jr 617-646-8000

67131 Harmon, John III 617-646-8307

31624 Honeyman, Jason 617-646-8222

50474 Hrycyszyn, Gerald 617-646-8313

40024 Hsi, Jeffrey 617-646-8556

67336 Hunt, Elisabeth 617-646-8443

39231 Hunt, Robert 617-646-8000 Privacy - Terms
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61146 Jensen, Robert 617-646-8271

64978 Johannes, Marc 617-646-8209

68177 Johnstone, Oona 617-504-4219

61674 Lee, Jessamine 617-646-8272

74442 Li, Lin 617-646-8502

39248 Lockhart, Helen 617-646-8249

78667 Luo, Flora 617-646-8591

74522 Macdonald, Kevin 617-646-8497

59924 Malla, Nidhi 617-646-8572

29409 McClellan, William 617-646-8203

58423 McCool, Gabriel 617-239-0100

67217 Merin, Andrea 617-646-8395

76736 Moresco, Michele 617-646-8000

34681 Morris, James 617-646-8000

77692 Mulski, Elizabeth 617-449-6906

57063 Nieberg, Gregory 212-849-3338

76714 Nyein, Michelle 617-646-8457

36628 Oyer, Timothy 617-646-8251

78670 Patel, Dhara 314-704-4689

63390 Piccolomini, Zachary 617-526-6000

46190 Pomianek, Michael 617-646-8000

73995 Powell, Curtis 617-646-8534

35986 Pritzker, Randy 617-646-8000

52146 Rader, Michael 617-646-8000

61115 Roses, Jonathan 617-646-8157

70972 Rudoy, Daniel 617-646-8303

43069 Russavage, Edward 617-395-7000

65507 Sahr, Robert 617-248-4756

76749 Samblanet, Danielle 330-575-9025

76050 Saraswat, Anant 617-646-8187

78514 Shecter, Harrison 617-646-8183

72240 Singh, Karan 212-697-7890

73256 Sole, Laura 212-336-3865

75427 Tan, Shirley 614-581-4939

65139 Tibbetts, Andrew 617-646-8399

78648 Tomic, Valerie 617-646-8000

48207 Trevisan, Maria 617-646-8000

38349 Twomey, Michael 617-526-6190

40212 Van Amsterdam, John 617-646-8000

76803 Varrichione, Amanda 617-646-8161

52318 Vatland, Janice 617-646-8000

46324 Walat, Robert 617-646-8000

41418 Waller, Patrick 617-646-8000

32950 Walsh, Edmund 617-646-8000

68598 Wang, Jennifer 617-646-8392

63480 Wehner, Daniel 617-646-8299

28129 Welch, John 617-395-7000

48644 Williams, Andrew 617-646-8000

75713 Witte-Garcia, Chelsea 617-646-8477

36971 Wolf, Douglas 617-646-8260

74068 Xiang, Jie 617-646-8000

62868 Young, Daniel 617-646-8245

38667 Yu-Jahnes, Lock 201-995-9227

76246 Zeiger, Adam 617-646-8485 Privacy - Terms
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69059 Zhang, William 617-646-8257

76839 von Reyn, Jessica 617-646-8000
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hours (M-F, 6AM to 12AM ET), please call 1 800-786-9199.
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 Available Supplemental Content by File Types
This page gives you information about the number of sequences, metatables and other types of supplemental content
items associated with the application you requested. Select a link below to obtain version listings and/or download
specific files. 

Supplemental Content File Types 
(http://www.uspto.gov/patents/process/status/score_info.jsp) Quantity  

Drawings 29  
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