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(57) ABSTRACT 
A device having a nano-wire array and a method for manu 
facturing an array of nano-wires. The method includes spray 
ing on a Substrate droplets of a Suspension that comprises 
nano-wires and at least a partially Volatile solvent; and evapo 
rating the at least partially volatile solvent of the droplets to 
form the array of nano-wires. At least one of the spraying and 
the evaporating comprises executing at least one aggregation 
reduction measure for limiting a formation of three dimen 
sional aggregations of nano-wires on the Substrate. 
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METHOD FOR MANUFACTURING A 
NANO-WIRE ARRAY AND A DEVICE THAT 

COMPRISES ANANO-WIRE ARRAY 

RELATED APPLICATIONS 

0001. This application claims the priority of U.S. provi 
sional patent Ser. No. 61/592,614 filing date Jan. 31, 2012 
which is incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

0002 The ability of individual nano-wires (NWs) to carry 
electrical current makes them promising building blocks in 
various nanoelectronic device concepts. Individual NWs 
have been used to assemble a range of nanoscale devices, 
including p-n diodes, bipolar junction transistors, field effect 
transistors, biochemical sensors, optoelectronic devices, and 
O. 

0003 Nevertheless, there are still many challenges in real 
izing such devices: (i) difficulties in connecting the individual 
NW to the macroscopic world, although significant progress 
has been made in this field; (ii) fluctuations in the position of 
NWs between the adjacent metallic electrodes; (iii) under 
standing the mode of power dissipation when NWs are used 
as or in devices; and/or (iv) maintaining high signal to noise 
ratio in complex nano-devices. For technological applica 
tions, the ease and effectiveness with which NWs are 
assembled and integrated into large-scale devices are of criti 
cal importance. 
0004 Arrays of NWs can be achieved either by top-down 
or bottom-up fabrication techniques. The top-down approach 
depends heavily on multi-step (e-beam) lithography and lift 
off techniques, which are serial, time-consuming and expen 
sive. The bottom-up approach relies on the transfer of NW 
from the growth chip to the receiver substrates by, for 
example, random deposition, electric field directed assembly, 
flow assisted alignment, and up to centimeter-scale assembly 
of NWs using the Langmuir-Blodgett technique. 
0005. A nano-tube film based approach was suggested that 
included using planar films of nano-tubes as a Substrate for 
growing nano-wires. This technique is time consuming and is 
limited to the shapes of substrates that can receive the nano 
wires. 
0006. There is a growing need to provide efficient methods 
for manufacturing nano-wire arrays and for devices that 
include nano-wire arrays. 

SUMMARY 

0007. There can be provided a method for manufacturing 
an array of nano-wires. The method may include spraying on 
a Substrate droplets of a Suspension that comprises nano 
wires and at least a partially volatile solvent; and evaporating 
the at least partially volatile solvent of the droplets to form the 
array of nano-wires; wherein at least one of the spraying and 
the evaporating comprises executing at least one aggregation 
reduction measure for limiting a formation of three dimen 
sional aggregations of nano-wires on the Substrate. 
0008. The spraying may include controlling the amount of 
nano-wires per droplet. Each droplet may include few nano 
wires. For example, each droplet can include up to five, up to 
four, up to three, up to two or even only a single nano-wire. 
0009. The spraying may include introducing pressure on 
the Suspension by a carrier gas to form the droplets. 
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0010. The spraying may include introducing pressure on 
the Suspension by a carrier gas to form the droplets and to 
induce a formation of an aligned nano-wire array. 
0011. The method, may include spraying the suspension 
on the Substrate while changing at least one parameter 
selected out of (a) a pressure applied during a coating of the 
area on droplets of the Suspension, (b) a temperature of the 
Substrate, (c) an angle of spraying the Suspension and (d) a 
distance between locations of contact between the substrate 
and adjacent. 
0012. The method may include changing the at least one 
parameter to provide a nano-wire array having a varying 
alignment. 
0013 The method may include coupling different portions 
of the nano-wire array to different pairs of electrodes so that 
at least one pair of electrodes is coupled to a portion of the 
nano-wire array that differs by alignment from at least other 
pair of electrodes. 
0014. The method may include coupling different portions 
of the array to different pairs of electrodes so that at least one 
pair of electrodes is coupled to a portion of the nano-wire 
array that differs by density from at least other pair of elec 
trodes. 
0015 The method may include changing the at least one 
parameter to provide a nano-wire array having a varying 
density. 
0016. The method may include adjusting the at least one 
parameter in response to feedback indicative of a difference 
between a desired value of a property of a nano-wire array 
formed by the spraying and an actual value of the property of 
the nano-wire array. 
0017. The method may include heating the substrate to a 
temperature that is closer to a boiling temperature of the 
Volatile solvent than to an ambient temperature. 
0018. The method may include heating the substrate to a 
temperature that differs by up to twenty degrees to a boiling 
temperature of the volatile solvent. 
0019. The method may include heating the substrate to a 
temperature that Substantially equals to a boiling temperature 
of the volatile solvent. 
0020. The method may include heating the substrate to a 
temperature that guarantees that most droplets evaporate 
before nano-wires of different droplets contact each other. 
0021. The method may include cooling the substrate to a 
temperature that causes droplets to freeze as a result of con 
tacting the Substrate to form a frozen formation of droplets on 
the Substrate; and causing the frozen formation of droplets to 
evaporate. 
0022. The method may include causing the frozen forma 
tion of droplets to evaporate while maintaining a location of 
the nano-wires Substantially unchanged. 
0023 The method may include coating at least one surface 
of the substrate that forms a three-dimensional shape. 
0024. The spraying may include coating an entire Sub 
strate that includes at least one surface of the substrate that 
forms a three-dimensional shape. 
0025. The substrate may have an edge and the spraying 
may include coating the edge and areas of the Substrate that 
form the edge with a uniform array of nano-wires. 
0026. The substrate may have an irregularity point and 
wherein the method may include providing a uniform nano 
wire coverage of the at least one irregularity point and a 
vicinity of the at least one irregularity point. 
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0027. The substrate may exhibit a macro-scale roughness 
and wherein the method may include providing uniform 
nano-wire coverage of the Substrate. 
0028. The evaporating may include removing the entire 
solvent to provide a direct contact between the nano-wire 
array and the Substrate. 
0029. The method may provide an array of nano-wires that 

is a three-dimensional array of nano-wires. 
0030 The method may include forming the three-dimen 
sional array of nano-wires so that the three-dimensional array 
of nano-wires may include multiple repetitions of a same 
two-dimensional nano-wire array. 
0031. The method may include forming the three-dimen 
sional array of nano-wires so that the three-dimensional array 
of nano-wires may include multiple two-dimensional nano 
wire arrays, wherein at least two two-dimensional nano-wire 
arrays differ from each other by shape or orientation. 
0032. The method may include forming the three-dimen 
sional array of nano-wires so that the three-dimensional array 
of nano-wires may include multiple two-dimensional nano 
wire arrays, wherein at least one two-dimensional nano-wire 
array exhibits uneven alignment or density. 
0033. The method may include forming the three-dimen 
sional array of nano-wires on at least one surface of the 
Substrate that forms a three-dimensional shape. 
0034. There may be provided a method for manufacturing 
an array of nano-wires, the method may include: spraying on 
a Substrate droplets of a Suspension that may include nano 
wires and an at least partially volatile solvent; and at least 
partially evaporating the at least partially Volatile solvent of 
the droplets to form the array of nano-wires; wherein at least 
one of the spraying and the causing may include reducing a 
formation of three dimensional aggregations of nano-wires 
on the substrate. 
0035. There can be provided a system that may include a 
spraying module arranged to spray on a Substrate droplets of 
a Suspension that may include nano-wires and a volatile sol 
vent while reducing a formation of three dimensional aggre 
gations of nano-wires on the Substrate; and a Substrate man 
aging element arranged to support the Substrate; wherein 
once the volatile solvent of the droplets evaporate a the array 
of nano-wires is formed on the substrate. 
0036. There can be provided a system that is arranged to 
apply any method or any combination of method stages illus 
trated in this specification. 
0037. A device may be provided and may include a sub 
strate and a nano-wire array that contacts at least one Surface 
of the substrate; wherein the nano-wire array may include 
different portions that differ from each other by at least one of 
(a) an amount of alignment between the nano-wires, and (b) a 
density of nano-wires. 
0038. The device can be a sensor, can include a sensor, can 
include one or more transistors or logical gates that in turn 
comprise nano-wires. 
0039. The nano-wire array may directly contact the sub 
strate without any residue between the nano-wire-array and 
the substrate. 
0040. Each portion of the nano-wire array may be coupled 
between a pair of electrodes, wherein at least two portions of 
the nano-wire array are coupled between different electrodes. 
0041 At least two portions of the nano-wire array differ 
from each other by density of the nano-wires. 
0042. At least two portions of the nano-wire array differ 
from each other by alignment of the nano-wires. 
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0043. Each portion of the nano-wire array can be coupled 
between a pair of electrodes, wherein at least two portions of 
the nano-wire array are coupled between different electrodes. 
0044. At least one surface of the substrate may form a 
three-dimensional shape. 
0045. The nano-wire array may cover the entire substrate. 
0046. At least one surface of the substrate may define an 
edge and wherein the edge and areas of the Substrate that form 
the edge are coated with nano-wires that maintain uniformity 
of alignment across the edge. 
0047. At least one surface of the substrate may define an 
edge and the edge and areas of the Substrate that form the edge 
are coated with nano-wires that maintain uniformity of den 
sity across the edge. 
0048. The at least one surface of the substrate may have an 
irregularity point that is coated with nano-wires that maintain 
uniformity across the irregularity point. 
0049. The at least one surface of the substrate have an 
irregularity point that is coated with nano-wires that maintain 
density across the irregularity point. 
0050. The at least one surface of the substrate exhibit a 
macro-scale roughness and wherein uniformity of alignment 
of the nano-wire array remains unchanged despite the macro 
scale roughness. 
0051. The substrate may exhibit a macro-scale roughness 
and wherein density of the nano-wire array remains 
unchanged despite the macro-scale roughness. 
0.052 The device array of nano-wires may be a three 
dimensional array that may include multiple repetitions of a 
same two-dimensional nano-wire array. 
0053. The array of nano-wires may be a three-dimensional 
array that may include multiple two-dimensional nano-wire 
arrays; wherein at least two two-dimensional nano-wire 
arrays differ from each other by shape or orientation. 
0054 The at least one surface of the substrate may define 
a three-dimensional shape and wherein the array of nano 
wires is a three-dimensional array of nano-wires. 
0055. A device may be provided and may include a sub 
strate and a nano-wire array that contacts at least one Surface 
of the substrate that form a three-dimensional shape; wherein 
the nano-wire array may covers the entire Substrate. 
0056. The at least one surface of the substrate may define 
an edge and wherein the edge and areas of the Substrate that 
form the edge are coated with nano-wires that maintain uni 
formity of alignment across the edge. 
0057. At least one surface of the substrate may define an 
edge and the edge and areas of the Substrate that form the edge 
are coated with nano-wires that maintain uniformity of den 
sity across the edge. 
0058. The at least one surface of the substrate may have an 
irregularity point that is coated with nano-wires that maintain 
uniformity across the irregularity point. 
0059. The at least one surface of the substrate may have an 
irregularity point that is coated with nano-wires that maintain 
density across the irregularity point. 
0060. The at least one surface of the substrate may exhibit 
a macro-scale roughness and wherein uniformity of align 
ment of the nano-wire array remains unchanged despite the 
macro-scale roughness. 
0061 The substrate may exhibit a macro-scale roughness 
and wherein density of the nano-wire array remains 
unchanged despite the macro-scale roughness. 
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0062. There can be provided a device that includes a sub 
strate and an array of nano-wires that is a three-dimensional 
array. 
0063. The array of nano-wires can be a three-dimensional 
array that may include multiple repetitions of a same two 
dimensional nano-wire array. 
0064. The array of nano-wires can be a three-dimensional 
array that may include multiple two-dimensional nano-wire 
arrays; wherein at least two two-dimensional nano-wire 
arrays differ from each other by shape or orientation. 
0065. There can be provided a device that may include a 
Substrate and a nano-wire array that contacts at least one 
surface of the substrate that form a three-dimensional shape; 
wherein the at least one surface of the substrate define an edge 
and wherein the edge and areas of the substrate that form the 
edge are coated with nano-wires that maintain uniformity of 
alignment across the edge. 
0066. There can be provided a device that may include a 
Substrate and a nano-wire array that contacts at least one 
surface of the substrate that form a three-dimensional shape; 
wherein the at least one surface of the substrate define an edge 
and the edge and areas of the Substrate that form the edge are 
coated with nano-wires that maintain uniformity of density 
across the edge. 
0067. There can be provided a device that may include a 
Substrate and a nano-wire array that contacts at least one 
surface of the substrate that form a three-dimensional shape; 
wherein the at least one surface of the substrate have an 
irregularity point that is coated with nano-wires that maintain 
uniformity across the irregularity point. 
0068. There can be provided a device that may include a 
Substrate and a nano-wire array that contacts at least one 
surface of the substrate that form a three-dimensional shape; 
wherein the at least one surface of the substrate have an 
irregularity point that is coated with nano-wires that maintain 
density across the irregularity point. 
0069. There can be provided a device that may include a 
Substrate and a nano-wire array that contacts at least one 
surface of the substrate that form a three-dimensional shape; 
wherein the at least one surface of the substrate exhibit a 
macro-scale roughness and wherein uniformity of alignment 
of the nano-wire array remains unchanged despite the macro 
scale roughness 
0070 There can be provided a device that may include a 
Substrate and a nano-wire array that contacts at least one 
surface of the substrate that form a three-dimensional shape; 
wherein the Substrate exhibits a macro-scale roughness and 
wherein density of the nano-wire array remains unchanged 
despite the macro-scale roughness. 
0071. There can be provided a device that may include a 
Substrate and a three-dimensional nano-wire array that con 
tacts at least one surface of the Substrate; wherein nano-wires 
of different layer of the three-dimensional nano-wire array 
contact each other by direct contact; wherein the three-di 
mensional nano-wire array is substantially free from materi 
als that differ from nano-wire materials. 
0072 There can be provided a device that may include a 
Substrate and a nano-wire array that may be manufactured by 
any of the methods illustrated in the specification. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0073. The subject matter regarded as the invention is par 
ticularly pointed out and distinctly claimed in the concluding 
portion of the specification. The invention, however, both as 

Feb. 13, 2014 

to organization and method of operation, together with 
objects, features, and advantages thereof, may best be under 
stood by reference to the following detailed description when 
read with the accompanying drawings in which: 
0074 FIG. 1 illustrates a system and a method according 
to various embodiments of the invention; 
0075 FIGS. 2A-2E illustrate a nano-wire array, an align 
ment measure of a nano-wire array and the relationship 
between various manufacturing properties and alignment of 
nano-wire arrays according to various embodiments of the 
invention; 
0076 FIGS. 3A-3C include various images of nano-wires 
during the manufacturing process according to an embodi 
ment of the invention; 
0077 FIGS. 4A-4F include various images of nano-wire 
arrays according to an embodiment of the invention; 
(0078 FIGS. 5A-5F include various images of nano-wire 
arrays according to an embodiment of the invention; 
(0079 FIGS. 6A-6D illustrate various parameters of tran 
sistors that include nano-wire arrays according to an embodi 
ment of the invention; 
0080 FIGS. 7A-7D include images of droplets and of 
nano-wire arrays according to an embodiment of the inven 
tion; 
I0081 FIG. 8 includes various images of nano-wire arrays 
according to an embodiment of the invention; 
I0082 FIG. 9 illustrates a method according to various 
embodiments of the invention; 
I0083 FIG. 10 illustrates a device according to various 
embodiments of the invention; 
I0084 FIG. 11 illustrates a device according to various 
embodiments of the invention; 
I0085 FIG. 12 illustrates a device according to various 
embodiments of the invention; and 
I0086 FIGS. 13-17 illustrate various properties of a field 
effect transistor that includes nano-wires according to an 
embodiment of the invention; 
0087 FIGS. 18A-18F illustrate various electrical charac 
teristics of devices manufactured by spray coating Si NWs 
arrays with a density of about 1 nanowire per a square micron 
(1 NW/um) according to an embodiment of the invention; 
I0088 FIG. 19A is a dark-field optical image 1910 of a 
GaN NWs aligned by the spray flow on SiO/Si substrate 
according to an embodiment of the invention; 
I0089 FIG. 19B is a dark-field optical image of spray 
coated Ag NWs on SiO/Si substrate according to an embodi 
ment of the invention; 
0090 FIG.20 is a dark-field optical image of spray-coated 
Ag NWs on a hydrophobic substrate (CF3-terminated SiOX/ 
Si Substrate) according to an embodiment of the invention; 
(0091 FIG. 21A illustrates a XPS survey spectra (1486.6 
eV) for SiOX/Si surfaces according to various embodiments 
of the invention; and 
0092 FIG. 21B illustrates a magnification of the N1s 
region (400.2 eV) of the 3-aminopropyltrimethoxysilane ter 
minated Surface according to various embodiments of the 
invention. 
0093. It will be appreciated that for simplicity and clarity 
of illustration, elements shown in the figures have not neces 
sarily been drawn to scale. For example, the dimensions of 
Some of the elements may be exaggerated relative to other 
elements for clarity. Further, where considered appropriate, 
reference numerals may be repeated among the figures to 
indicate corresponding or analogous elements. 
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DETAILED DESCRIPTION OF THE DRAWINGS 

0094. In the following detailed description, numerous spe 
cific details are set forth in order to provide a thorough under 
standing of the invention. However, it will be understood by 
those skilled in the art that the present invention may be 
practiced without these specific details. In other instances, 
well-known methods, procedures, and components have not 
been described in detail so as not to obscure the present 
invention. 
0095. The subject matter regarded as the invention is par 

ticularly pointed out and distinctly claimed in the concluding 
portion of the specification. The invention, however, both as 
to organization and method of operation, together with 
objects, features, and advantages thereof, may best be under 
stood by reference to the following detailed description when 
read with the accompanying drawings. 
0096. It will be appreciated that for simplicity and clarity 
of illustration, elements shown in the figures have not neces 
sarily been drawn to scale. For example, the dimensions of 
Some of the elements may be exaggerated relative to other 
elements for clarity. Further, where considered appropriate, 
reference numerals may be repeated among the figures to 
indicate corresponding or analogous elements. 
0097. Because the illustrated embodiments of the present 
invention may for the most part, be implemented using elec 
tronic components and circuits known to those skilled in the 
art, details will not be explained in any greater extent than that 
considered necessary as illustrated above, for the understand 
ing and appreciation of the underlying concepts of the present 
invention and in order not to obfuscate or distract from the 
teachings of the present invention. 
0098 Technological implementation of nano-wires 
(NWs) requires these components to be organized with con 
trolled orientation and density over various substrates. There 
is provided a simple and efficient route for the deposition of 
highly ordered and aligned NW arrays on a wide range of 
receiver Substrates, including silicon, glass, metals and flex 
ible plastics. 
0099. As a representative example, the following text will 
focus on Si NWs. It is noted that devices, systems and meth 
ods are not limited to Silicone NW but can be applicable to 
nano-wires made from other materials or from additional 
materials. 
0100. The deposition approach is based on spray coating 
of (Si) NW suspension under controlled conditions of the 
noZZle flow, spray angle and the temperature of a receiver 
substrate (substrate). Process parameters that affect the den 
sity and/or alignment of the deposited Si NW arrays are 
presented and discussed. The quality and reproducibility of 
the spray-coated SiNW arrays is illustrated by the production 
of highly uniform Si NW field effect transistors. 
0101 The parameters of the spray coating process are 
explored through a series of systematic studies that has 
enabled us to gain further control over the NW deposition. 
Representative applications of these films are reported. 
0102) The investigated Si NWs can be prepared by the 
vapor-liquid-Solid (VLS) growth technique using gold nano 
particles as a catalysts under a constant flow of silane (4 
S.c.c.m.), argon (5 s.c.c.m.) and diborane (100 ppm in He, 1 
s.c.c.m.), yielding p-type Si NW. 
01.03 ENREF37 
0104 Scanning electron microscopy (SEM) data indi 
cated that these Si NWs consisted almost entirely of smooth 
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crystalline core (408 nm in diameter) with a length ranging 
between 7 um and 10 um. This is illustrated in image 12 of 
FIG 1. 

0105 FIG. 1 also illustrates a donor substrate 10, a con 
tainer 20 for forming and storing a suspension that include 
nano-wires and an at least partially Volatile solvent, a spray 
ing module 30, and a substrate managing element 50. FIG. 1 
also illustrates a substrate 40 on which the nano-wire struc 
ture is formed. 
0106 The substrate managing module 50 can support the 
substrate 40. Additionally or alternatively, the substrate man 
aging module 50 can move the substrate 40 in relation to the 
spraying module 30. It is noted that the spraying module 30 
can be moved in relation to the substrate 40 (As illustrated in 
FIG. 1). The relative movement between the substrate 40 and 
the spraying module 30 can allow spraying on different areas 
of the substrate. According to various embodiments of the 
invention the spraying module and/or the Substrate 40 can 
move in relation to each other in various manners including 
rotation, three-dimensional movements and the like. 
0107 The substrate managing module 50 can heat (or 
cool) the substrate 40 via hotplate 52. Hotplate 52 is Sup 
ported on base 53. Roller 54 rolls along the top facets of base 
53. 

0.108 FIG. 1 illustrates the spraying module 30 as includ 
ing a first inlet 31 for receiving the Suspension, a second inlet 
32 for receiving a pressurized gas and a nozzle 33 through 
which the droplets of the suspension exit. These elements can 
belong to an airbrush or other spraying element. FIG. 1 also 
illustrates a roller 54 for introducing a linear movement 
between the substrate 40 and the nozzle 33. FIG. 1 does not 
show (for brevity of explanation) a pressurized gas Supply 
module that feeds the pressurized gas to the airbrush. The 
pressurized gas Supply module can adjust the pressure 
applied on the gas. It is further noted that the system can 
include a camera or other image sensor for imaging the nano 
wire array, a heating module for generating a heat pulse that 
will cause frozen droplets to evaporate, and the like. 
0109) Devices that are based on Si NW arrays were fabri 
cated on 300 nm thermal oxide coated heavily doped p-type 
silicon wafer (<0.005 ohm-cm, silicon materials). Prior to the 
device fabrication, the top SiO, Surface was cleaned with 
ultrasonic treatment in acetone, methanol, and isopropyl 
alcohol and slightly etched using oxygen plasma (100 W and 
200 sccm O for 1 min) for removing (residues of) organic 
contaminations. This process was followed by a deposition of 
NW array, as described below. 
0110. Unless otherwise stated, Si NW arrays were pro 
duced by means of spray coating in a three-part process. First, 
the Si NW suspension 20 is prepared by harvesting the Si 
NWs from the VLS growth substrate 10 and suspending them 
in isopropyl alcohol using an ultrasonic water bath for 5-7 sec. 
The second part of the process is the “receiver substrate 40, 
which was cleaned and etched using oxygen plasma (100 W 
and 200 sccm O for 1 min) For the sake of comparison, 
silicon wafers were chemically modified by well-established 
siloxane-based condensation chemistry of various com 
pounds including trichloro(octadecyl)silane (Sigma-Aldrich, 
Inc.), (3-Aminopropyl)trimethoxysilane (Sigma-Aldrich, 
Inc.), (2-(perfluorooctyl)ethyl)trichlorosilane (ABCR, Inc.) 
to define —CH3, —NH2, or —CF3 terminated surfaces, 
respectively. To carry out the reactions, Solutions of -5 mmo 
lar of the above compounds were prepared with either chlo 
roform or toluene as the solvent. Si substrates 10 were treated 
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with oxygen plasma for 30 min and then reacted with the 
respective solutions for 45 min, followed by cleaning treat 
ment with the solventusing ultrasonic bathandbaking at 100° 
C. for 2 hours. The receiver substrate was placed on a hotplate 
at 75° C., where it receives the deposited Si NW. The third 
part involves the spray coating system 30 (Spray gun, Prona 
R2-F), which was aligned within 5+2 of the “receiver sub 
strate 40 direction, filled with the SiNW suspension. To align 
the Si NWs onto the receiver substrate, a 40 psi carrier gas 
(nitrogen) 32 is passed through the NW suspension before it 
comes out of a nozzle 33 that is saturated with NW solution. 
The nozzle tip is usually held at a distance of 1 cm from the 
substrate 40. For the sake of comparison, Si NW suspensions 
were applied by drop-casting and spin-coating. 
0111. In the drop-casting method, 20LL aliquots (10 drops 
in total) of Si NW suspension is applied to a receiver sub 
strate, maintained at 25°C., 80°C. or 130°C. The NW solvent 
is then allowed to evaporate. 
0112. In the spin-coating method, 200 uL of solution was 
applied on the receiver substrate 40 and spun at a controlled 
speed. For the current study, the Si NW suspension was 
deposited on receiver substrates at different spin speeds (200, 
600, and 1000 rpm) for 1 min. 
0113 Interdigitated electrodes (not shown in FIG. 1) were 
defined using photolithography (Karl Suss MA6 Mask 
Aligner) and metal evaporation (Ti/Au, 40/110 nm) on top of 
the sprayed Si NW array. 
0114. The native oxide on NW under contact is etched by 
BHF for 5 s immediately before being loaded into the metal 
deposition system. The width of the electrodes was 5um and 
the gap between the source and the drain electrodes was 2 um. 
0115 Images of SiNWs after deposition were obtained by 
a scanning electron microscope (e-LiNE, Raith, Dortmund, 
Germany) and by an optical microscope (Olympus BX51RF 
5) that is equipped with a camera (Olympus CAM-LC20 
Bundle). 
0116. An Agilent B1500A Semiconductor Device Ana 
lyZer was used for electrical measurements. To assess the 
electrical characteristics of Si NW field effect transistors 
(FETs), two modes of voltage-dependent back-gate measure 
ments were performed. In the first mode, voltages between 
-40 V and +40 V, in steps of 10 V, were applied to the 
degenerately doped silicon Substrate. For each gate Voltage, 
the current-Voltage (I-V) characteristics were measured 
between the two electrodes, i.e., between the drain (d) and 
Source (S), contacted by a micromanipulator, at a bias range 
between 0 V and +2 V. in steps of 50 mV, under ambient 
conditions. In the second mode, Voltages of 2V were applied 
between the two electrodes and the current-back gate Voltage 
(I-V) measurements were carried out using a sweeping volt 
age from -40 V upward to +40 V, in steps of 200 mV, under 
ambient conditions. 
0117 The spray coating of Si NW suspension utilizes a 
stream of fast moving nitrogen gas. The high Velocity of the 
nitrogenatomizes the sprayable material (i.e., Si NW suspen 
sion) and induces a shear flow on the Si NW deposited drop 
lets which reorient and aligns the Si NWs parallel to the flow 
direction. 
0118 FIGS. 1A-2E illustrates spray coating of Si NWs. 
FIG. 2A is a dark-field optical image of assembled NWs. FIG. 
2B provides a statistical analysis of angular distribution of 
-700 Si NWs, with respect to the flow direction. FIG. 2C 
illustrates the percentage of the aligned nano-wires on the 
receiver substrate for various spray flow pressure: 5, 10, 20, 
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30, 40, 50 and 60 psi. All experiments were carried out at 75° 
C. of the receiver substrate. FIG.2D illustrates the percentage 
of the aligned nano-wires versus the temperature of the 
receiver substrate: T-25, 50, 75, 100, 125, 150, 175 and 200° 
C. All experiments were carried out with an air pressure of 40 
psi. FIG. 2E illustrates the percentage of the aligned nano 
wires as a function of the surface functionalization of the 
receiver substrate. Bare SiO2 corresponds to using the 
untreated Substrate and —OH corresponds to plasma treated 
substrate while —CH3 (trichloro(octadecyl)silane), —NH2 
((3-Aminopropyl)trimethoxysilane), and —CF3 ((2-(per 
fluorooctyl)ethyl)trichloro silane) correspond to the surface 
modified functional groups. 
0119) Each point in FIGS. 2C-2E was obtained by statis 
tical analysis of angular distribution of ~200 Si NWs. A 
nano-wire is considered misaligned if its axis forms an angle 
>10° with respect to the spray direction. 
I0120 FIGS. 3A-3C are images of aligned Si NW by the 
spray flow. FIG. 3A is an image of a Si NW transferred to a 
plastic Substrate. Inset, dark-field optical image showing Si 
NWs in the film. The black rectangle highlights the examined 
location. FIG. 3B is an image of Si NW transferred to pre 
defined locations on a Si/SiO2 substrate. Inset, dark-field 
optical image showing Si NWs in different parts of the pat 
tern. The black rectangle in the main panel highlights the 
examined location. 
I0121 FIG. 3C is an image of SiNW transferred to an 
80-mm Si wafer and its line-scanning alignment analysis. 
Insets: high-resolution dark-field images highlighting the 
alignment of Si NWs in the marked locations (triangles indi 
cate recorded locations). 
0.122 FIGS. 2A-4E are optical and scanning electron 
microscopy images of Si NW aligned by the spray flow for 
different durations: 5 sec (4A); 10 sec (4B), 20 sec (4C), 30 
sec (4D), 60 sec (4E) and 30 sec (4F). All experiments were 
carried out with an air pressure of 40 psi. 
I0123. A dark-field optical image 211 of assembled Si 
NWs on a Si/SiO2 receiver substrate is shown in FIG. 2A, 
clearly demonstrating the well-aligned NW arrays along one 
direction, i.e., the flow direction. A histogram (FIG. 2B) of 
angle distribution of over 700 Si NW's shows that more than 
90% of the Si NWs were aligned within +10° of the flow 
direction. The rest were distributed between ca. ~30° to +30° 
with respect to the flow direction. 
0.124. There were carried out several types of experiments 
to understand factors controlling the alignment and average 
separation between the adjacent (deposited) Si NWs. 
0.125 First, it was found that the alignment degree of the 
deposited SiNWs was affected by the pressure of the carrier 
gas introduced into the Spray gun. The higher the carrier gas 
pressure in the range between 5-20 psi, the higher the align 
ment of the Si NW with respect to the flow direction. This is 
illustrates in graph 213 of FIG. 2C. For a carrier gas pressure 
in the range of 20-60 psi, the Si NWs showed maximum 
alignment with respect to the flow direction. More than 87% 
of the NWs are aligned within 10° of the flow direction. 
0.126 Second, the alignment degree of the deposited Si 
NWs with respect to the flow direction was also affected by 
the temperature of the receiver Substrate. Increasing the tem 
perature of the receiver substrate to a value that is close to the 
boiling point of the Suspensions solvent (Isopropyl alcohol; 
Tboiling -80° C.) exhibited excellent alignment and higher 
reproducibility from sample-to-sample with respect to the 
flow direction. This is illustrates in graph 214 of FIG. 2D. 
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0127. For example, at ~75°C. of the receiver substrate, ca. 
90% of the Si NWs were aligned within +10° of the flow 
direction. Higher temperatures of the receiver substrate 
affected the uniformity of the Si NWs alignment adversely: 
the Si NWs exhibited a high degree of distribution with 
respect to the flow direction, to some extent, as a random 
distribution. For example, at ~150° C. of the receiver sub 
strate, only ca. 70% of the Si NWs were aligned within +10° 
of the flow direction. The rest were distributed between ca. 
~60° to +60° with respect to the flow direction 
0128 Finally, we explored the role of surface chemical 
modification of the receiver substrate on the alignment of the 
assembled NWs. Graph 215 of FIG.2E shows the alignment 
of the deposited Si NW suspension (chemically unmodified, 
d ~50 nm) on chemically modified SiO2 receiver substrates 
with various siloxane monolayers. The alignment degree of 
the deposited SiNWs was almost not affected by the different 
terminated monolayers. However fluorinated surfaces are 
well-known to be highly hydrophobic and “nonsticky', there 
fore minimizing the adhesion of NWs to the receiver sub 
strate. On the other hand, —NH2 terminated surfaces interact 
effectively with the NW surface through strong bonding inter 
actions. This demonstrates that our assembly process do not 
require NW to receiver substrate interactions, and is compat 
ible with wide range of receiver substrates, irrespective of the 
Substrate type. 
0129. The spray coating process was found to be compat 
ible with a wide range of rigid and flexible substrates, irre 
spective of the substrate type. For example, a Si NW was 
transferred to silicon, glass and metal Substrates (as illustrated 
in FIGS. 3A-3C), subsequent darkfield optical images con 
firm that the NWs within the film are well aligned. We also 
show that NWs can be transferred to flexible plastic substrates 
that are subsequently bent into curved structures (FIG. 3A). 
0130. In addition to planar and curved substrates, NW's 
have been transferred to predefined locations on the substrate 
with good orientational alignment of the NW (FIG.3B), thus 
demonstrating the great flexibility of this approach Impor 
tantly, our approach has the potential to be scaled to structures 
of very large area. A representative image of Si NWs trans 
ferred to an 80-mm wafer (FIG.3C). It is shown that the film 
is remarkably uniform given the unsophisticated transfer pro 
cess. Moreover, dark-field optical images demonstrate that 
the SiNWs have the same orientation and uniform separation 
across the diameter of this large Substrate, with good control 
of the Si NW alignment and density. A histogram of angle 
distribution of over 500 Si NWS taken from different loca 
tions over the entire substrate, shows that more than 85% of 
the NWs are aligned within 10 of the flow direction. 
0131 The density of the Si NWs was easily controlled by 
either the concentration of the Si NW suspension or by the 
flow duration. Experiments carried out at a constant carrier 
gas pressure (40 psi), with 75° C. as the temperature of the 
receiver substrate, showed that the Si NW density increased 
systematically with the flow duration time, as illustrated by 
images 401–406 of FIGS. 4A-4E. In these experiments, 60sec 
flow duration produced a density of 200 Si NW per 100 um, 
with an average NW-NW separation of ~500 nm. 
0132 Extended deposition time (-90 sec) produced Si 
NW arrays with spacing on the order of 200 nm or less. For 
the sake of comparison, Si NW suspensions were deposited 
by drop-casting and spin-coating methods. SiNWs that were 
drop-casted at 25°C. were randomly aggregated on the Sur 
face, forming 3D (SiNW) islands. The higher the drop-casted 

Feb. 13, 2014 

Volume and/or concentration of the Suspension, the larger the 
dimensions of the 3D (Si NW) islands and the closer the 
distances between the adjacent islands. Increasing the tem 
perature of the receiver Substrate decreased the aggregation of 
the drop-casted Si NW's partially, most probably because of 
the faster evaporation and, subsequently, the shorter NW-NW 
interaction time. The reproducibility of all drop-casted SiNW 
samples from sample-to-sample and from batch-to-batch was 
significantly (5 to 8 times) lower than equivalent samples 
prepared by the spray-coating technique. Si NW's that were 
spin-coated at 25° C. exhibited random distribution and low 
density of Si NWs on the receiver substrate. 
I0133. The higher was the spin velocity the lower was the 
NW density. For example, devices that were prepared by spin 
coating at 200 rpm showed an average NW-NW separation of 
~20 um (FIGS. 5A-5F), at the time spin-coating at 600 rpm 
resulted in a NW-NW separation of ~300 um (not shown). 
0.134 FIG. 5A-5F are scanning electron microscopy 
(SEM) images of devices based on arrays of nano-wires pro 
duced by (FIG. 5A) spray coating, (FIG. 5B) drop casting, 
and (FIG.5C) spin coating. FIGS. 5D-5F show a magnifica 
tion of the area between the electrodes shown in FIGS. 
5A-5C, respectively. 
0.135 While these characteristics make spin-coating 
advantageous compared to drop-casting, spin-coating is still 
considered inferior to the spray-coating method. This is 
because spin-coating has fundamental limitations to finely 
and/or uniformly align the SiNWs on the surface, especially 
when medium-high dense SiNW films are targeted. 
0.136 The high degree of alignment and controlled density 
of Si NWs is important in a number of integrated electronic 
devices as well as in their constituent applications. To illus 
trate this potential, we have fabricated and characterized FET 
devices, with spray-coated Si NWs as a channel between the 
Source and drain electrodes. 

0.137 FIG. 6A illustrates a Family of source-drain current 
(I) vs. Source-drain Voltage (V) plots at different gate 
voltages. FIG. 6B illustrates I, vs. gate Voltage (V) recorded 
for a typical device plotted onlinear scales at a V of 2V. FIG. 
6C includes a histogram of the threshold voltage (V) deter 
mined from analysis 15 randomly chosen devices. FIG. 6d 
includes a histogram of I showing the uniform device char 
acteristics, as concluded from 15 randomly chosen devices. 
0.138. Drain current (I) versus drain-source voltage (V) 
curves of spray-coated Si NW arrays were obtained by uti 
lizing a Sweeping Voltage range from 0 V to +2 V at various 
gate Voltages (V), as shown in graphs 601 of FIG. 6A. 
0.139. The two-terminal current versus drain-source volt 
age (I-V) curves showed a typical accumulation mode of 
p-channel transistor behavior. The plot of Iversus V (FIG. 
6B) at a constant V =+2V showed a small current when the 
V was more positive than a threshold Voltage (V). 
0140. Furthermore, it was shown that the I increased 
nearly linearly when the V increased in the negative direc 
tion. Extrapolation of the linear region resulted in a V 4.15 
V. The slope in the linear region of I. versus V gave a 
transconductance, g, dI/dV of 0.013 LS at V-2V. The 
on-currents (I) of these devices were as high as 0.55 LA and 
the on-off current ratio was nearly 10. 
0.141. The electrical features of the Si NW FET devices 
were satisfactorily reproducible from sample-to-sample and 
from batch-to-batch. Indeed, randomly selected SiNW FETs 
showed well-constrainedV, and I, behavior, with values of 
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4.26+1.10 V and 0.66+0.22 LA, respectively as illustrated by 
graphs 603 and 604 of FIGS. 6C and 6D. 
0142. The good reproducibility of the Si NW FETs can be 
attributed to the uniform density, good alignment and prefer 
ential distribution of the SiNWs, which, in turn, allows repro 
ducible fabrication. 

0143. It has been shown that that spray-coating of Si NW 
Suspensions under controlled temperature and air-flow con 
ditions is a general approach for preparing well-aligned and 
controlled-density Si NW arrays. Arguably, the transfer of 
highly aligned and controlled-density Si NWs to both large 
crystalline and flexible plastic substrates provides important 
advances towards realizing technological implementation of 
these materials in several areas of electronics and/or biosen 
sors. The quality and reproducibility of the spray-coated Si 
NW arrays was expressed by the production of highly uni 
form Si NW FETs. 
014.4 FIG. 7A is an optical microscopy image shows the 
mean distribution of the droplets diameter. FIGS. 7B, 7C and 
7D are optical microscopy images that show the effect of 
increasing the droplet volume on the uniformity of the Si 
NWs alignment, respectively. 
(0145 FIG. 8 illustrates spray coating of Si NWs at 90° 
angle between the spray gun and the receiver Substrate. 
0146 FIG. 9 illustrates method 900 according to an 
embodiment of the invention. 
0147 Method 900 may start by stage 910 of preparing a 
Suspension that includes nano-wires and at least a partially 
volatile solvent. 

0148 Stage 910 may include growing nano-wires on a 
donor Substrate and harvesting the nano-wires to provide a 
Suspension. The Suspension may include nano-wires and an at 
least partially Volatile solvent. According to an embodiment 
of the invention the solvent can also include functional 
organic molecules in the solvent. These functional organic 
molecules can be attached to the nano-wires in the Solvent. 

0149. Alternatively, the donor substrate can be placed in a 
Solution of the organic molecules. Then the organic mol 
ecules can adsorb the NWs. The nano-wires can be detached 
from the donor substrate before being sprayed. 
0150 Method 900 may also include stage 920 of heating a 
Substrate to a temperature that is above ambient temperature. 
The substrate is heated so that during the spraying (stage 930) 
droplets contact a heated Substrate and their evaporation can 
be speeded up. 
0151 Stage 920 may include at least one of the following: 
(a) heating the Substrate to a temperature that is closer to a 
boiling temperature of the volatile solvent than to an ambient 
temperature, (b) heating the Substrate to a temperature that 
differs by up to twenty degrees to a boiling temperature of the 
Volatile solvent, (c) heating the Substrate to a temperature that 
Substantially equals to a boiling temperature of the volatile 
Solvent, or (d) heating the Substrate to a temperature that 
guarantees that most droplets evaporate before nano-wires of 
different droplets contact each other. 
0152. According to another embodiment of the invention 
the substrate can be cooled instead of being heated so that 
droplets are frozen as a result of a contact with the substrate. 
The freezing of the droplets also reduced the mobility of the 
droplets and limits the formation of three dimensional aggre 
gations of nano-wires. Once an area of the Substrate is coated 
with frozen droplets the frozen droplets can be heated by a 
heating process that evaporates the solvent but maintains the 
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droplets relatively static. This can be implemented by direct 
ing a pulse of heat radiation towards the droplets and the 
substrate. 
(O153 Stages 910 and 920 may be followed by stage 930 of 
spraying on a Substrate droplets of a suspension that com 
prises nano-wires and at least a partially volatile solvent and 
evaporating the at least partially volatile solvent of the drop 
lets to form the array of nano-wires. 
0154 Stage 930 includes stage 931 of executing at least 
one aggregation reduction measure for limiting a formation 
of three dimensional aggregations of nano-wires on the Sub 
Strate. 

O155 This at least one aggregation reduction measure can 
include spraying the droplets on a Substrate that is heated 
(during stage 920) so that the droplets will evaporate before 
three dimensional aggregations are formed. 
0156 Additionally or alternatively, the at least one aggre 
gation reduction measure can include controlling the amount 
of nano-wires per droplet- and limiting that amount to few 
nano-wires per droplet. Few may include less than 2, 3, 4, 5, 
6, 7, 8, 9 or 10 or any number of such magnitudes. 
0157 Additionally or alternatively, the at least one aggre 
gation reduction measure can include spacing the droplets 
form each other. 
0158. The at least partially volatile solvent can be a fully 
volatile solvent and stage 910 may include evaporating the 
volatile solvent to provide a substantially solvent free nano 
wire array. 
0159 Stage 930 of spraying may include introducing pres 
Sure on the Suspension by a carrier gas to form the droplets. 
The pressure can form the droplets and can induce a forma 
tion of an aligned nano-wire array. 
0160 According to an embodiment of the invention a 
spraying process can include spraying the droplets on one or 
more areas of the Substrate. The parameters of the spraying 
process and/or of the Substrate can be changed during the 
process to provide a nano-wire array that has portions that 
have different properties. Accordingly, stage 93.0 may include 
changing at least one parameter selected out of (a) a pressure 
applied during a coating of the area on droplets of the Sus 
pension, (b) an angle of spraying the Suspension and (c) a 
distance between locations of contact between the substrate 
and adjacent. Stage 920 may include changing a temperature 
of the substrate. 
0.161 This change can provide a nano-wire array having a 
varying alignment and, additionally or alternatively, have a 
varying density. 
0162. After the array of nano-wires is formed the process 
can continue by stage 510 of coupling different portions of the 
nano-wire array to different pairs of electrodes so that at least 
one pair of electrodes is coupled to a portion of the nano-wire 
array that differs by alignment and/or density from at least 
other pair of electrodes. 
0163 According to an embodiment of the invention the 
spraying can be responsive to feedback that can be provided 
in real time or off-line. Feedback can be provided by inspect 
ing the nano-wires formed on the Substrate and determining at 
least one property Such as density and alignment. The param 
eters of the spraying process can be changed very quickly and 
thus allow real time adjustment of the spraying process. 
0164. The spraying process can be suitable to cover one or 
more areas of a Substrate that form a three dimensional shape. 
The spraying process can guarantee that the alignment and/or 
density of the nano-wire array are maintained unchanged 
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regardless of the shape of the Substrate. Thus—the spraying 
process can be applied to Substrates that cannot be covered in 
a uniform and property preserving manner by a layer of 
pre-fabricated nano-wires. 
0.165 Thus, the spraying process can cover (with a nano 
wire array) balls, elliptical shapes, can cover the entire Sub 
strate, can surround the entire substrate or most of the sub 
strate with an array of nano-wires that maintains its properties 
despite Substrate irregularities, edges, macro-scale (micron 
scale, millimeter Scale and higher), despite the presence of 
concave surfaces, convex surface or combinations of convex 
and concave surfaces. 
0166 The method can provide a nano-wire array that is 
three-dimensional—it may have multiple layers of nano 
wires. The three-dimensional array of nano-wires may 
include multiple repetitions of a same two-dimensional nano 
wire array. 
0167 Additionally or alternatively, the method may 
include forming the three-dimensional array of nano-wires so 
that the three-dimensional array of nano-wires may include 
multiple two-dimensional nano-wire arrays, wherein at least 
two two-dimensional nano-wire arrays differ from each other 
by shape and/or orientation. 
0168 Yet according to another embodiment of the inven 
tion the method may include forming the three-dimensional 
array of nano-wires so that the three-dimensional array of 
nano-wires may include multiple two-dimensional nano-wire 
arrays, wherein at least one two-dimensional nano-wire array 
exhibits uneven alignment or density. 
(0169 FIG. 10 illustrates a device 1010 according to an 
embodiment of the invention. 

(0170 Device 1010 includes a substrate 1011 and a nano 
wire array 1012 that contacts at least one surface of the 
substrate 1011. The nano-wire array 1012 includes different 
portions such as 1013, 1014 and 1015 that differ from each 
other by at least one of (a) an amount of alignment between 
the nano-wires, and (b) a density of nano-wires. 
(0171 FIG. 10 also illustrates that each portion 1013, 1014 
and 1015 of the nano-wire array 1012 is connected coupled 
between a pair of electrodes (1023, 1033), (1024, 1034) and 
(1025, 1035) respectively. 
0172. In any of the device mentioned in the specification 
the nano-wire array can include an array of Substantially 
parallel nano-wires, multiple layers of two-dimensional 
nano-wire arrays that are parallel to each other or oriented to 
each other. 

(0173 FIG. 11 illustrates a device 1100 according to an 
embodiment of the invention. 

0174 Device 1100 includes a three-dimensional substrate 
Such as a ball shaped Substrate 1111 and a nano-wire array 
1112 that covers the entire substrate. Edges of the nano-wire 
array 1112 can be coupled between electrodes (not shown). It 
is noted that the nano-wire array 1112 may cover at least one 
half of the substrate 1112 while maintaining the same align 
ment and/or density across the entire covered area of the 
substrate. 

(0175 FIG. 12 illustrates a device 1200 according to an 
embodiment of the invention. 

(0176) The device 1200 has a substrate 1201 of rectangular 
shape. At least two adjacent facets 1202 ad 1203 and the edge 
1204 between these facets is coated with a nano-wire array 
1205 that maintains its properties (alignment and/or density) 
over the edge. The nano-wire array direction of alignment can 
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be parallel to the edge, can be normal to the edge or oriented 
in any other angle in relation to the edge. 
0177 Scaling Properties of Transistor Channels That Use 
Aligned Arrays of Si Nano-Wires 
(0178. There may be provided Field effect transistors with 
an aligned array of non-wires that include different number of 
silicon nano-wire channels are fabricated. Channel number 
scaling effects on the performance of devices were illustrated. 
The results show that for field effect transistors with a thresh 
old number of silicon nano-wires channels, on and offcurrent 
ratio show better uniformity than equivalent devices with a 
lower number of silicon nano-wires. 
(0179 The ability of nano-wires (NWs) to carry electrical 
current makes them promising building blocks in various 
nanoelectronic device concepts. 
0180 For technological applications, the ease and effec 
tiveness with which NWs are assembled and integrated into 
large-scale devices are significant, making the use of aligned 
arrays of NWs (aligned array of NWs), which provide a 
scalable way to exploit the NW properties, critically impor 
tant. Devices based on aligned array of NWs would: (i) permit 
controllable sensitivity, response and recovery times, and size 
of the device; (ii) yield a synergetic combination of the nanos 
cale and the macroscale worlds; and (iii) circumvent the 
requirement of position and structural control because the 
devices display average properties of many distributed NWs, 
so the aligned array of NWs could be processed into devices 
of arbitrary size using conventional micro-fabrication tech 
nology. Nevertheless, the low aligned array of NW stability, 
repeatability, and error tolerance are still a challenge for real 
izing Such devices for real-world technological applications. 
To overcome these challenges, understanding the scaling 
properties of aligned array of NWs is of essential. 
0181 Studies have been carried out to explore the scaling 
effects of the channel length of filed effect transistor (FET) 
devices based on carbon nano-tubes (CNTs). However, less is 
known about the scaling effect of semiconducting NWs and 
even less about the scaling effect of the channel number. Here, 
we report on FETs with parallelly bridged aligned array of 
NWs and explore the impact of the channel number on the 
FET performance as well as the related fundamental param 
eters. As the representative semiconducting channel, we 
focus on silicon (Si) NWs, mainly due to their high potential 
for integration with existing Simicroelectronics. The results 
indicate that, for arrays with a threshold number of Si NW 
channels, the aligned array of NW FET fundamental param 
eters, excluding the voltage threshold, show better uniformity 
than equivalent devices with a lower number of Si NWs. The 
results provide key insights into the behavior of the devices, 
the scaling of their properties, and directions for future work. 
0182 FIG. 13, sections (a) and (b) present a schematic 
structure and a microscope image of a typical Si aligned array 
of NW FET. As seen, Si NWs are aligned parallel to each 
other. No overlap between adjacent Si NWs was observed. 
FIG. 13c shows typical electrical characteristics of FET with 
18 Si NW channels between source/drain (S/D) electrodes at 
room temperature. As seen from the figure, Source-drain cur 
rent (I) exhibited well-behaved modulation with the applied 
gate Voltage (V), indicating for p-type behavior. In this study, 
we define on-current (I) as I, at V -40V and the off 
current (I) as I at V +40V. At 2V source-drain voltage 
(V), the I-3.18LA, I 0.17 nA, and the I/I-1.9x10". 
The linear regime of the transconductance (g) is ~0.4LS and 
the threshold voltage (V) is ~18.8V. 
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0183 FIG. 13 illustrates: (a) Schematics of a FET with 
aligned array of Si NWs. (b) Optical image of FET with 
aligned array of Si NWs. (c) Linear scale (red point; left axis) 
and log scale (blue points; right axis) plots of I. versus V of 
a FET device with 18 bridged Si NW channels at V-2 V. 
0184. To study the scaling effect of the Si NW channels, 
we have fabricated and measured 591-ET devices with dif 
ferent numbers of bridged Si NWs, n. 
0185 FIG. 14 presents the measured electrical signals 
(I, IrandI/I) as a function ofn. As seen in the figure, the 
I, increased almost linearly with n, even though the variance 
at n-80 was higher than the variance at n>80. This trend is 
consistent with previous findings of other groups with aligned 
carbon nanotubes as well as Si NWs. 

(0186. Unlike the I, the Ishowed random distribution at 
3sn-80 (FIG. 14, section b). For n>80, the I showed a trend 
with a positive slope. The I/I showed random distribution 
in the region of 3sn-80, with values ranging between 10" to 
107 (FIG. 14, section c). In this region 83% of the devices 
exhibited I/I->10°, while the rest exhibited I./I.<10°. 
For n>80, the I/I, showed a trend that converges to a fixed O 

level. In this region, 33% of the devices exhibited I/I->1 02 
and the rest (67%) of the devices exhibited I/I (10. No 
devices with I/I->1 0 were obtained in the region of n>80. 
0187. To further investigate the scaling effect of the SiNW 
channels, we have calculated average on-state conductance ( 
G) and off-state conductance (G) per Si NW. 
0188 As seen in FIG. 14, section d, the G is distributed 
in a narrow interval (10 to 10° S) for 3<n30 and in a 
narrower interval for n>30. For the latter, the G approached 
a constant value of 3x107S. The G showed larger scatter 
ing than G, and varied in a wide interval (10' to 10S) for 
3<n<80 and in a narrow interval (10 to 107 S) for n>80. 
Since the current is proportional to the conductance at a given 
V, it can be inferred that I/I-G/G. 
(0189 FIG. 14, sections (a)-(d) illustrate (A) I., (b) I., (c) 
I/I ratio and (d) G, and G as a function of n. All 
measurements were performed with V. Sweeping from +40 to 
-40 V and with V-2 V. 
0190. It is likely that the conductance of aligned array of 
NW FET devices is equal to the sum of individual NW FETs 
(i-NW FETs) that are connected in parallel. To validate this 
hypothesis, we have fabricated 19 Silicon i-NW FETs and 
measured their electrical characteristics. As shown in FIG. 
15, sectiona, 88% of the Sii-NW FETs exhibited I/I->10 
(hereon, Type-A Si NW) and 12% of the Si i-NW FETs 
exhibited I/I-10 (hereon, Type-B Si NW). FIG. 3, sec 
tion b shows the distribution of the logarithmic values of G, 
(Log G) and G (Log G) for the measured Sii-NW FETs. 
As seen in the figure, the Log G, had a mean value (u) of -7.6 
and a standard deviation (O) of 0.97. The Log Ghada mean 
value of -11.6 and a standard deviation of 1.84. These obser 

vations indicate that G and I exhibit higher device-to 
device variations than G, and I. 
0191 FIG. 15 is a histogram of the logarithmic value of 
(a)I./I ratio, and (b) G. and G, of measured Si i-NW 
FETS. 

0192 A discussion of the electrical characteristics of the 
aligned array of NWFET devices by means of Sii-NW FETs 
is presented. This presentation can be described as a binomial 
sampling experiment. For this purpose, we use p and q-1-p to 
denote the probability of fabricated Si i-NW FETs that 
bridged with Type-A and Type-B SiNWs, respectively. Using 
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these terms, the mean values of Grand G, of Sii-NW FETs, 
denoted by G. and Llo are given by: 

|lopG'+q G, (2) 

where G' is the G of Type-A Si NW, Gf° is the Gof 
Type-B SiNW, G, is the G, of Type-A Si NW, and G is 
the G of Type-B Si NW. 
0193 Let n denote the total number of conducting chan 
nels in the aligned array of NW FET and lets k denote the 
number of channels that are bridged with Type-A Si NWs, 
where k=0,1,2,... n. The probability that an arbitrary aligned 
array of NWFET device with n channels has Type-A SiNWs, 
denoted by p(k), is given by: 

3 
p(k) = ()' (3) 

where 

stands for the binomial coefficient. 

(0194 The expectation of G, of with n channels E(G"), 
is computed as follows: 

n kin-k A. B B 
X kin-k)P g" (k(G - G) + not 
ik=0 

= nila, 

0.195 Similarly, the expectation of G, of with n channels 
E(G"), is computed as follow: 

E(G.")-nuo (5) 

(0196) Thus, the I/I ratio of the aligned array of NW 
FET device is: 

lon E(GC)Vas plgo, (6) 
of E(GC)Vas Goff 

(0197) For high n values, Eqs. (4)–(6) suggest that the G. 
and Gofaligned array of NWFET devices increase linearly 
with the number of the Si NW channels and that the I/I 
ratio remains constant. f 
0198 Using typical characteristics of Type-A Si NW's 
(G-107 S, G-10"S, and p=0.9) and Type-B Si NWs 
(G=107 S, G-10 S and q-0.1), Eq. (6) gives I./ 
In 1 0° for n>80. This suggests that the I/I ratio of aligned 
array of NW FET device with n>80 is highly dependent on 
Type-B Si NWs. In other words, to get high I./I ratio 
aligned array of NW FET with n>80, one should remove or 
decrease the concentration of Type-B Si NWs. For the 
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3sn-80, the random and highly distributed results indicate 
that Type-A Si NWs control the electrical characteristics of 
the aligned array of NWFET, more than Type-B Si NWs (see 
FIG. 14). 
(0199. Apart from the scaling effect on the I, I and 
I/I, we also studied the scaling effect of g, hole mobility 
(LL) and V. As seen in FIG.16 sectiona, g, increased almost 
linearly with n. The slope of the linear fit of this region (=15 
nS), which provides the g. value per SiNW, was similar to the 
g, obtained from Sii-NW FET devices. This finding implies 
that the g of the aligned array of NW FETs is additive. 
(0200. Theu of single SiNW in aligned array of NWFETs 
was calculated using the following relationship: 

where t is the thickness of the gate oxide, 6 is the dielec 
tric permittivity of the oxide, R is the radius of the Si NW, 
and Lvi is the length of the channel. 
0201 The results are presented in FIG. 16, section b. As 
seen in the figure, the data points are symmetrically distrib 
uted with the centerline of -2.6 cm/Vs. In addition, the data 
points approached a fixed value as n increased. This observa 
tion Suggests that increasing in can minimize the differences 
ofu, among aligned array of NWFET devices, compared to 
i-Si NW FETs. Additionally, increasing n beyond a threshold 
value approaches the Li, to a fixed level. The V, Versus n plot 
(FIG. 16-section c) showed a wide distribution (5-36 V) that 
is not affected by the n value. This could be attributed to 
hysteresis in the electrical characteristics of the aligned array 
of NW FET (not shown), probably due to surface states (such 
as dangling bonds, defects, and adsorbates) variances 
between one Si NW and another. 
0202 FIG. 17 shows (a)g, (b) L, and (c) V, as a function 
of bridged Si NW channel number (n). 
(0203) To verify the additive nature of the I., I, and g, 
features, we carried out a parallel electrical connection 
between three Si aligned array of NW FET devices. The 
measured results are shown in Table 1. As shown in the table, 
the sum values of I, I, and g, of aligned array of NWFET 
devices before parallel connection (fourth row of the table) 
are similar to that after the parallel connection, thus confirm 
ing the additive nature of the Si NWs. Similar observations 
were obtained for the I/I ratio. 

TABLE 1. 

Summary of device performance before and after parallel connection 
of three Si NW aligned array of FETs 

Ion/of 
I, (A) Iatr(A) ratio g, (S) 

Device #1 2.27. 10 3.2. 108 709 8.34. 107 
Device #2 4.82. 10 1.34. 107 360 1.47. 106 
Device #3 5.88. 10 1.92. 106 30 1.73. 10-6 
Sum 1.3. 10 2.09. 10 62 4.03. 10 
Parallel connected 1.01 - 10 2.14E 10 47 4.16. 10 
device 

0204. In summary, systematic study of channel number 
scaling in aligned array of NW FETs showed that a small 
number of bridged Si NW channels (3sn-80) provide ran 
dom device parameters. For high numbers of bridged SiNWs 
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(n->80), the I, and I increased linearly with n, while the 
I/I ratio, Ll, and the V, were not affected by scaling effects 
of the channel number. 

0205 These results were explained by the fact that aligned 
array of NWs contain two main groups of Si NWs: a group 
with I/I->10 (Type-A Si NW), which controls the electri 
cal characteristics for the case of 3sn-80, and a group with 
I/I-10 (Type-B Si NW), which controls the electrical 
characteristics for the case of n>80. 

0206. These findings suggest that the uniform diameter, 
length and shape of a grown batch of Si NWs do not neces 
sarily imply uniform electrical characteristics. Advanced 
growth processes of (electrically) homogenous Si NWs and/ 
or advanced sorting techniques are therefore of critical impor 
tance for bringing the aligned array of NWS device concept to 
a reliable technological phase. 

Experiment Section 

0207 P-type Si NWs with average diameters of 40+8 nm 
and lengths of 7-10 um were grown on Si wafers by chemical 
vapor deposition using SiHa and BH (1:20000 of B:Siratio) 
as precursor gases and gold as a catalyst for the one dimen 
sional NW growth. 
0208. The as-grown Si NWs were dispersed in ethanol, 
using ultra-sonication for 6 seconds. The SiNW solution was 
then spray coated, using a commercial spray gun, on a pre 
cleaned p-Si(100) (0.0010 S2 cm resistivity) wafer with 300 
nm thermal oxide and Ti/Au (10/200 nm) bottom gate elec 
trode, that is placed on a 100° C. hot plate. The angle between 
spray flow direction and Si wafer plane was kept constant at 
10+2 during the coating process. The density of the aligned 
Si NW arrays was controlled by the spray coating time. 
Source (S) and drain (D) Ti/Au (30/110 nm) contacts with a 
channel length of 2 um were patterned using e-beam lithog 
raphy for individual Si NWs and photolithography for arrays 
of Si NWs. A number of bridged SiNW channels between the 
Source and drain electrodes of devices were evaluated in an 
optical microscope in dark field mode. A probe station that is 
connected to a device analyzer (Agilent B1500A) was used to 
collect the electrical signals of the Si aligned array of NW 
FETs. I versus Voltage dependent back-gate (V) measure 
ments, swept backwards between +40 V to -40V with 200 
mV steps and at V-2 V, were used to determine the perfor 
mance of Si aligned array of NW FETs. 
0209. According to various embodiment of the invention 
there is achieved a high degree of alignment and controlled 
density of (Si) NWs. This is useful in a number of integrated 
electronic devices as well as in their constituent applications. 
To illustrate this potential, Si NW were spray coated on a 300 
nm thermal oxide coated heavily doped p-type silicon wafer. 
The deposited Si NWs were then configured as back-gated 
field-effect transistors (FETs) by defining Ti/Au (40/110 nm) 
source (S) and drain (D) contacts with a channellength' of 2 
um channel width ranging from a single NW up to a channel 
width of 350 um. The density of the connected Si NWs 
between the source and drain electrodes was similar for all 
channel widths (~1 NW/um). This density has been found to 
provide optimal performance as well as minimum variability 
across the device. 

0210 FIGS. 18A-18F illustrate various electrical charac 
teristics of devices manufactured by spray coating Si NWs 
arrays with a density of about 1 nanowire per a square micron 
(1 NW/um) according to an embodiment of the invention. 
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0211 FIG. 18A illustrates a family 1810 of source-drain 
current (I) versus source-drain Voltage (V) plots at differ 
ent gate Voltages according to an embodiment of the inven 
tion. 
0212 FIG. 18B illustrates curves 1820 that represent I. 
versus gate voltage (V) recorded for a typical device plotted 
onlinear scales at V-2 Vaccording to an embodiment of the 
invention. 
0213 FIG. 18C illustrates a histogram 1830 of the thresh 
old voltage (V) determined from analysis of 15 randomly 
chosen devices according to an embodiment of the invention. 
0214 FIG. 18D illustrates a histogram 1840 of on-current 
(I) showing the uniform device characteristics, as con 
cluded from 15 randomly chosen devices according to an 
embodiment of the invention. 
0215 FIG. 18.E illustrates curves 1860 representative of 
I, as a function of the channel width; and (F) V, as a function 
of the channel width. 

0216 FIG. 18A shows the drain current (I) versus drain 
source voltage (V) curves of spray-coated Si NW arrays 
(-20 Si NWs) by utilizing a sweeping voltage range from OV 
to +2 V at various gate voltages (V). As seen in the figure, 
the two-terminal current versus drain-source Voltage (IV) 
curves exhibited a typical accumulation mode of p-channel 
transistor behavior. The plot of I. versus V. (see FIG. 18B) 
at a constant V. --2V exhibited a small current when the V. 
was more positive than a threshold Voltage (V). The I. 
increased linearly with increasing the V in the negative 
direction and provided V 4.15 V. The slope in the linear 
region of the Is versus V gave a transconductance, g, dI/ 
dV of 0.013 uS at V-2V. The on-currents (I) of these 
devices were as high as 0.55 LA and the on-off current ratio 
was nearly 10. The electrical features of the Si NW FETs 
were satisfactorily reproducible from sample-to-sample and 
from batch-to-batch. Indeed, randomly selected SiNW FETs 
showed well-constrainedV, and I, behavior, with values of 
4.26+1.10 V and 0.66+0.22 LA, respectively (FIGS. 18C and 
18D). The good reproducibility of the Si NW FETs can be 
attributed to the uniform density, the good alignment, and to 
the preferential distribution of the Si NWs. 
0217 FIG. 18Eshows the average V of different Si NW 
FETs as a function of the channel width NOTE: The density 
of the sprayed Si NWs of all examined devices was similar to 
each other (1 NW/um). As seen in the figure, the V, showed 
a distribution that is not affected by the channel width, indi 
cating that the V, is not affected by the number of Si NWs 
connected between the source and drain electrodes. This 
could be attributed to hysteresis in the electrical characteris 
tics of the Si NW FET, probably due to variances in the 
Surface states (such as dangling bonds, defects, and adsor 
bates) of the different Si NW's deposited on the substrate. 
0218. The average I of the Si NW FETs as a function of 
the channel width is shown in FIG. 18F. It can be clearly seen 
that the I linearly scales with the channel width with a slope 
of 0.04 LA/um. Since a single Si NW in a back-gated geom 
etry delivers -0.04 LA (in average), the obtained 0.04 LA/um 
slop in FIG. 18F can be corresponded with 1 NW/um. The 
highly linear Scaling of the I, with the channel width dem 
onstrates the uniformity and reproducibility of the well 
aligned NW arrays that are enabled through the reported 
spray-coating method. 
0219. There were also provided GaN devices that are pre 
pared by the VLS growth technique with catalyst-free 
approach. The GaN nucleation layer was deposited at 1200° 
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C. for 4 S with Ga:N ratio of 510:1. The GaN NWS were 
grown at 1150° C. for 1 h with Ga:N fluxes ratio of 68:1. Prior 
to use, the Si NWs and GaN NWs were cleaned by a sequen 
tial rinse with acetone, methanol, isopropanol, and dried by a 
stream of nitrogen. 
0220. The Ag NWs were produced via the polyol reduc 
tion of AgNO, in which ethylene glycol serves as the solvent 
and a precursor to the reducing agent. In addition to the use of 
poly(vinyl pyrrolidone) as a stabilizer, copper (II) chloride 
was added to the reaction to reduce the amount of free Ag" 
during the formation of initial seeds and Scavenge adsorbed 
oxygen from the Surface of the seeds once formed. In doing 
So, Ag nanowires were grown preferentially. 
0221 FIG. 19A is a dark-field optical image 1910 of a 
GaN NWs aligned by the spray flow on SiO/Si substrate 
according to an embodiment of the invention. 
0222. This high-resolution dark-field image highlights the 
alignment of individual GaN NWs. 
0223 FIG. 19B is a dark-field optical image 1920 of 
spray-coated Ag NWs on SiO/Si substrate according to an 
embodiment of the invention. 
0224. This high-resolution image showing aligned, indi 
vidual Ag NWs. Both the GaN NWs and Ag NWs were 
Suspended in isopropanol. All experiments were carried out 
with an air pressure of 40 psi and on receiver substrate at 75° 
C. 
0225 FIG. 20 is a dark-field optical image 2010 of spray 
coated Ag NWs on a hydrophobic substrate (CF-terminated 
SiOX/Si Substrate) according to an embodiment of the inven 
tion. This magnified image shows the aligned Ag NWs. The 
Ag NWs were suspended in water. All experiments were 
carried out with an air pressure of 40 psi and on a receiver 
substrate at 75°C. The results demonstrate unequivocally that 
immobilization/alignment occurs primarily upon impact and 
does not necessitate the shear-driven spreading/elongation of 
the deposited droplets. In this case, the deposited (spherical) 
microdroplets slide along the Surface without sticking to it 
and elongating in the flow direction. The dynamics of the 
droplet impact to the Surface expected to be largely indepen 
dent on the substrate type, chemistry and wettability of the 
substrate. 
0226. Surface Analysis of Bare and Molecularly Modified 
SiOX/Si Surfaces 
0227 X-ray Photoelectron Spectroscopy (XPS) 
0228 All bare and molecularly modified SiOX/Si receiver 
substrates and SiNWs were characterized by high resolution 
X-ray Photo Electron Spectroscopy (XPS: Thermo VG Sci 
entific, Sigma probe, England) having a base pressure of 
<3x10 ton and fitted with a monochromatized X-ray Al KC. 
(1486.6 eV) source to minimize the effect of X-ray damage to 
the sample. For maximum measurement sensitivity, a 100 W 
X-ray spot of 400 um (in diameter) with pass energies of 150 
eV was used for surface survey. All measurements were taken 
on the center of the sample to ensure reproducibility and to 
minimize the effects of Scratches or contamination at the 
edges. Samples were scanned from 0 to 1000 eV to monitor 
signals for all Surface elements. Data analysis was performed 
using the Sigma Probe Advantage Software. 
0229 FIG. 21A illustrates a XPS survey spectra 2110 
(1486.6 eV) for SiOX/Si surfaces according to various 
embodiments of the invention. 
0230 Spectrum-a represents bare SiOX/Si sample (un 
treated Surfaces). Spectrum-b represents plasma-treated 
SiOX/Si Surface for 30 min. 
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0231 Spectrum-c represents trichlorooctadecylsilane-ter 
minated Surface. 
0232 Spectrum-d represents 3-amino-propyltrimethox 
ysilane-terminated SiOX/Si surface. 
0233 Spectrum-e represents 2-perfluorooctylethyl 
trichlorosilane-terminated SiOX/Si surface. 
0234 FIG.21B illustrates a magnification 2120 of the N1s 
region (400.2 eV) of the 3-aminopropyltrimethoxysilane ter 
minated Surface according to various embodiments of the 
invention. 
0235 FIG. 21A presents typical survey-scan XPS data for 
bare and functionalized SiO/Si SiOx/Si receiver substrates. 
As seen in the figure, the untreated Surface (Spectrum-a) 
exhibited peaks for elemental Si 2s at 150 eV and Si2p at 100 
eV as well as Siphonon absorption bands at 17 eV and 36 eV. 
above the Si 2s and Si 2p peaks. The same sample exhibited 
additionally C1s peak at 284 eV and 0 is peak at 532 eV. 
indicating organic contamination of the bare, untreated SiO/ 
Si surface. After plasma treatment (Spectrum-b), the ampli 
tude of the C 1S decreased, due to the removal of the organic 
condemnations, but the 0 is peak increased, due to the forma 
tion of new hydroxyl (OH) groups on the SiOX/Si surface. 
Trichlorooctadecylsilane-terminated SiOX/Si surface (Spec 
trum-c) exhibited attenuated Si(2p) and O(1S) peaks and sig 
nificantly higher Cls signals, compared to the plasma-treated 
SiOX/Si samples. The attachment of the 3-aminopropyltri 
methoxysilane was verified by the presence of N1s peak at 
400.2 eV in the XPS survey scan, due to the NH functional 
group—see Spectrum-din FIG. 1S(A) and FIG. 3S(B). The 
attachment of 2-perfluorooctylethyltrichlorosilane to the 
SiOX/Si surfaces was verified by the presence of F1s peak 
around 688.0 eV in the XPS survey scan and by the presence 
of additional peak at 290.2 eV, due to the CF functional 
group and CF side groups (FIG. 3S(A), Spectrum-e). The 
XPS spectra of the molecularly modified Si NW samples 
exhibited similar characteristics to equivalent molecularly 
modified planar SiOX/Sisamples. 
0236 Spectroscopic Ellipsometry 
0237 Ellipsometric spectra were recorded over a range 
from 250-1700 nm at five different incidence angles (60°. 
65°, 70°, 75°, and 80') using a spectroscopic phase modu 
lated ellipsometer (M-2000 V Automated Angle, J. A. Wool 
lam Co., Inc., USA). The thickness of the native oxide layer 
on the bare Si(111) samples, 14.9A, was determined through 
spectroscopic ellipsometry measurements on an open sample 
stage, prior to the silane functionalization, using tabulated 
values for the refractive indices of Si and SiO.' " The 
hydroxyl-terminated oxide layer produced by treatment with 
plasma (50 W: 30 min) showed an average thickness of 22.1 
A, and was used as a reference sample for the functionalized 
Surfaces. 

0238. The thicknesses of the molecular terminations were 
extracted by a three-phase monolayer/native oxide/Silicon 
model. Taking multiple readings and using the average value 
of the most consistent readings minimized errors in the thick 
ness measurements. The extracted thicknesses confirmed the 
attachment of the molecular terminations on the SiOX/Sisur 
face as well as the formation of a monolayer-thick molecular 
layer. Average thickness of 10.5-0.7 A was obtained for 
trichlorooctadecylsilane, 5.5+0.5 A for 3-aminopropyltri 
methoxysilane, and 12.52+0.9 A for 2-perfluorooctylethyl 
trichloro-silane. The measured thickness of the trichlorooc 
tadecylsilane was found smaller than the theoretical value 
obtained by Density Functional Theory (DFT) calculations 
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(22.2 A). This discrepancy between experimental and calcu 
lated thicknesses for the surface covered can be ascribed due 
to moderate packing density of the molecules on the Surface 
and/or due to inhomogeneous coverage at the Surface. The 
measured thicknesses of the aminopropyltrimethoxysilane 
and perfluorooctylethyltrichloro-silane were found to be in a 
good agreement with the DFT-based calculations (5.5A and 
13.3 A, respectively). 
0239. In the foregoing specification, the invention has 
been described with reference to specific examples of 
embodiments of the invention. It will, however, be evident 
that various modifications and changes may be made therein 
without departing from the broader spirit and scope of the 
invention as set forth in the appended claims. 
0240 Moreover, the terms “front,” “back,” “top,” “bot 
tom.” “over,” “under and the like in the description and in the 
claims, if any, are used for descriptive purposes and not nec 
essarily for describing permanent relative positions. It is 
understood that the terms so used are interchangeable under 
appropriate circumstances such that the embodiments of the 
invention described hereinare, for example, capable of opera 
tion in other orientations than those illustrated or otherwise 
described herein. 
0241 The connections as discussed herein may be any 
type of connection Suitable to transfer signals from or to the 
respective nodes, units or devices, for example via interme 
diate devices. Accordingly, unless implied or stated other 
wise, the connections may for example be direct connections 
orindirect connections. The connections may be illustrated or 
described in reference to being a single connection, a plurality 
of connections, unidirectional connections, or bidirectional 
connections. However, different embodiments may vary the 
implementation of the connections. For example, separate 
unidirectional connections may be used rather than bidirec 
tional connections and vice versa. Also, plurality of connec 
tions may be replaced with a single connection that transfers 
multiple signals serially or in a time multiplexed manner. 
Likewise, single connections carrying multiple signals may 
be separated out into various different connections carrying 
Subsets of these signals. Therefore, many options exist for 
transferring signals. 
0242 Although specific conductivity types or polarity of 
potentials have been described in the examples, it will appre 
ciated that conductivity types and polarities of potentials may 
be reversed. 
0243 Each signal described herein may be designed as 
positive or negative logic. In the case of a negative logic 
signal, the signal is active low where the logically true state 
corresponds to a logic level Zero. In the case of a positive logic 
signal, the signal is active high where the logically true state 
corresponds to a logic level one. Note that any of the signals 
described hereincan be designed as either negative or positive 
logic signals. Therefore, in alternate embodiments, those sig 
nals described as positive logic signals may be implemented 
as negative logic signals, and those signals described as nega 
tive logic signals may be implemented as positive logic sig 
nals. 
0244. Furthermore, those skilled in the art will recognize 
that boundaries between the above described operations 
merely illustrative. The multiple operations may be combined 
into a single operation, a single operation may be distributed 
in additional operations and operations may be executed at 
least partially overlapping in time. Moreover, alternative 
embodiments may include multiple instances of a particular 
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operation, and the order of operations may be altered in 
various other embodiments. Also for example, in one embodi 
ment, the illustrated examples may be implemented as cir 
cuitry located on a single integrated circuit or within a same 
device. Alternatively, the examples may be implemented as 
any number of separate integrated circuits or separate devices 
interconnected with each other in a suitable manner. Also for 
example, the examples, or portions thereof, may imple 
mented as soft or code representations of physical circuitry or 
of logical representations convertible into physical circuitry, 
Such as in a hardware description language of any appropriate 
type. Also, the invention is not limited to physical devices or 
units implemented in non-programmable hardware but can 
also be applied in programmable devices or units able to 
perform the desired device functions by operating in accor 
dance with Suitable program code, such as mainframes, mini 
computers, servers, workstations, personal computers, note 
pads, personal digital assistants, electronic games, 
automotive and other embedded systems, cell phones and 
various other wireless devices, commonly denoted in this 
application as computer systems. However, other modifica 
tions, variations and alternatives are also possible. The speci 
fications and drawings are, accordingly, to be regarded in an 
illustrative rather than in a restrictive sense. 

0245. In the claims, any reference signs placed between 
parentheses shall not be construed as limiting the claim. The 
word comprising does not exclude the presence of other 
elements or steps then those listed in a claim. Furthermore, 
the terms “a” or “an, as used herein, are defined as one or 
more than one. Also, the use of introductory phrases such as 
“at least one' and "one or more' in the claims should not be 
construed to imply that the introduction of another claim 
element by the indefinite articles “a” or “an limits any par 
ticular claim containing Such introduced claim element to 
inventions containing only one such element, even when the 
same claim includes the introductory phrases “one or more 
or “at least one' and indefinite articles such as “a” or “an.” 
The same holds true for the use of definite articles. Unless 
stated otherwise, terms such as “first and 'second are used 
to arbitrarily distinguish between the elements such terms 
describe. Thus, these terms are not necessarily intended to 
indicate temporal or other prioritization of Such elements. 
The mere fact that certain measures are recited in mutually 
different claims does not indicate that a combination of these 
measures cannot be used to advantage. 
0246 While certain features of the invention have been 
illustrated and described herein, many modifications, Substi 
tutions, changes, and equivalents will now occur to those of 
ordinary skill in the art. It is, therefore, to be understood that 
the appended claims are intended to cover all Such modifica 
tions and changes as fall within the true spirit of the invention. 
We claim: 

1. A method for manufacturing an array of nano-wires, the 
method comprises: 

spraying on a Substrate droplets of a suspension that com 
prises nano-wires and at least apartially Volatile solvent; 
and 

evaporating the at least partially volatile solvent of the 
droplets to form the array of nano-wires; 

wherein at least one of the spraying and the evaporating 
comprises executing at least one aggregation reduction 
measure for limiting a formation of three dimensional 
aggregations of nano-wires on the Substrate. 
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2. The method according to claim 1 wherein the at least 
partially volatile solvent is a volatile solvent and wherein the 
evaporating comprises evaporating the volatile solvent to pro 
vide a substantially solvent free nano-wire array. 

3. The method according to claim 1 wherein the spraying 
comprises reducing the formation of the three dimensional 
aggregations of nano-wires on the Substrate. 

4. The method according to claim 1 wherein the evaporat 
ing comprises reducing the formation of the three dimen 
sional aggregations of nano-wires on the Substrate. 

5. The method according to claim 1 wherein each one of the 
evaporating and the spraying comprises reducing the forma 
tion of the three dimensional aggregations of nano-wires on 
the substrate. 

6. The method according to claim 1, wherein each droplet 
comprises few nano-wires. 

7. The method according to claim 1, wherein each droplet 
comprises up to five nano-wires. 

8. The method according to claim 1, wherein each droplet 
comprises up to two nano-wires. 

9. The method according to claim 1, wherein each droplet 
comprises up to a single nano-wire. 

10. The method according to claim 1, wherein the spraying 
comprises introducing pressure on the Suspension by a carrier 
gas to form the droplets. 

11. The method according to claim 1, wherein the spraying 
comprises introducing pressure on the Suspension by a carrier 
gas to form the droplets and to induce a formation of an 
aligned nano-wire array. 

12. The method according to claim 1, comprising spraying 
the Suspension on an area of Substrate and changing at least 
one parameter between a start of the spraying of the area and 
an end of the spraying of the area; wherein the parameter is 
selected out of (a) a pressure applied during a coating of the 
area on droplets of the Suspension, (b) a temperature of the 
Substrate, (c) an angle of spraying the Suspension and (d) a 
distance between locations of contact between the substrate 
and adjacent. 

13. The method according to claim 12, comprising chang 
ing the at least one parameter to provide a nano-wire array 
having a varying alignment. 

14. The method according to claim 13, comprising cou 
pling different portions of the nano-wire array to different 
pairs of electrodes so that at least one pair of electrodes is 
coupled to a portion of the nano-wire array that differs by 
alignment from at least other pair of electrodes. 

15. The method according to claim 13, comprising cou 
pling different portions of the array to different pairs of elec 
trodes so that at least one pair of electrodes is coupled to a 
portion of the nano-wire array that differs by density from at 
least other pair of electrodes. 

16. The method according to claim 12, comprising chang 
ing the at least one parameter to provide a nano-wire array 
having a varying density. 

17. The method according to claim 12, comprising adjust 
ing the at least one parameter in response to feedback indica 
tive of a difference between a desired value of a property of a 
nano-wire array formed by the spraying and an actual value of 
the property of the nano-wire array. 

18. The method according to claim 12, comprising spray 
ing the Suspension on the Substrate while changing the pres 
Sure applied on the droplets of the Suspension. 
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19. The method according to claim 12, comprising spray 
ing the Suspension on the Substrate while changing the tem 
perature of the substrate. 

20. The method according to claim 12, comprising spray 
ing the Suspension on the Substrate while changing the angle 
of spraying the Suspension. 

21. The method according to claim 12, comprising spray 
ing the Suspension on the Substrate while changing the dis 
tance between locations of contact between the substrate and 
adjacent. 

22. The method according to claim 1, comprising spraying 
the droplets on the substrate while the substrate is at a tem 
perature that is closer to a boiling temperature of the volatile 
Solvent than to an ambient temperature. 

23. The method according to claim 1, comprising spraying 
the droplets on the substrate while the substrate is at a tem 
perature that differs by up to twenty degrees to a boiling 
temperature of the volatile solvent. 

24. The method according to claim 1, comprising spraying 
the droplets on the substrate while the substrate is at a tem 
perature that Substantially equals to a boiling temperature of 
the volatile solvent. 
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25. The method according to claim 1, comprising heating 
the Substrate to a temperature that guarantees that most drop 
lets evaporate before nano-wires of different droplets contact 
each other. 

26. The method according to claim 1, comprising cooling 
the Substrate to a temperature that causes droplets to freeze as 
a result of contacting the Substrate to form a frozen formation 
of droplets on the Substrate; and causing the frozen formation 
of droplets to evaporate. 

27. The method according to claim 26, comprising causing 
the frozen formation of droplets to evaporate while maintain 
ing a location of the nano-wires Substantially unchanged. 

28. The method according to claim 1, comprising coating at 
least one surface of the substrate that form a three-dimen 
sional shape with the nano-wire array. 

29. The method according to claim 28, wherein the spray 
ing comprises coating an entire Substrate with the nano-wire 
array. 

30. The method according to claim 28, wherein the sub 
strate has an edge and wherein the spraying comprise coating 
the edge and areas of the substrate that form the edge with a 
uniform array of nano-wires. 

k k k k k 


