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CARBON NANOTUBE TRANSISTOR 
STRUCTURE 

CROSS-REFERENCE TO RE? ????? 
APPI ICATIONS 

[0001] This application is a continuation of U.S. patent 
application Ser. No. 11/162,548, filed Sep. 14, 2005, which 
claims the benefit of U.S. provisional patent applications 
60/611,055, filed Sep. 16, 2004; 60/610,669, filed Sep. 17, 
2004; and 60/617,628, filed Oct. 9, 2004. These applications 
are incorporated by reference along with all other references 
cited in this application. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates to fabrication ofsemi 
conductor devices and more specifically to fabricating carbon 
nanotube transistor devices. 

[0003] The age of information and electronic commerce 
has been made possibleby the development oftransistorsand 
electronic circuits, and their miniaturization through inte 
grated circuit technology. Integrated circuits are sometimes 
referredto as“chips.”Many numbers oftransistors are used to 
build electronic circuits and integrated circuits. Modern 
microprocessor integrated circuits have over 50 million tran 
sistors and will have over 1 billion transistors in the future. 
[0004] Some type of circuits include digital signal proces 
sors (DSPs), amplifiers, dynamic random access memories 
(DRAMs), static random access memories (SRAMs), eras 
able programmable read only memories (EPROMs), electri 
cally erasable programmable read only memories (EE 
PROMs), Flash memories, microprocessors, application 
specific integrated circuits (ASICs), andprogrammable logic. 
Other circuits include amplifiers, operational amplifiers, 
transceivers, power amplifiers, analog switches and multi 
plexers, oscillators, clocks, filters, power supply and battery 
management, thermal management, voltage references, com 
parators, and sensors. 
[0005] Electronic circuits have been widely adopted and 
are used in many products in the areas ofcomputers and other 
programmed machines, consumer electronics, telecommuni 
cations and networking equipment, wireless networking and 
communications, industrial automation, and medical instru 
ments, just to name a few. Electronic circuits and integrated 
circuits are the foundation of computers, the Internet, voice 
over IP (VoIP), and on-line technologies including the World 
Wide Web (WWW). 
[0006] There is a continuing demand for electronic prod 
ucts that are easier to use, more accessible to greater numbers 
of users, provide more features, and generally address the 
needs of consumers and customers. Integrated circuit tech 
nology continues to advance rapidly. With new advances in 
technology, more of these needs are addressed. Furthermore, 
new advances may also bring about fundamental changes in 
technology that profoundly impact and greatly enhance the 
products of the future. 
[0007] The building blocks in electronics are electrical and 
electronic elements. These elements include transistors, 
diodes, resistors, and capacitors. There are many numbers of 
these elements on a single integrated circuit. Improvementsin 
these elements and the development of new and improved 
elements will enhance the performance, functionality, and 
size of the integrated circuit. 
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[0008] An important building block in electronics is the 
transistor. In fact, the operation of almost every integrated 
circuit depends on transistors. Transistors are used in the 
implementation of many circuits. Improving the characteris 
tics and techniques of making transistors will lead to major 
improvements in electronic and integrated circuit. 
[0009] Presentlysilicon-based metal-oxide-semiconductor 
field-effect transistors (MOSFETs) are the workhorses of 
electronicsystems and power electronics systems. However, 
demand for increasing performance requirements is pushing 
the boundaries of silicon material. It is desirable to have 
transistors with improved characteristics, especially transis 
tors having higher current density, higher thermal conductiv 
ity, and higher switching frequency. 
[0010] Therefore, there is a needfor an improvedmethod of 
fabricating carbon nanotube transistor devices. 

BRIEE SUMMARY OF THE INVENTION 

[0011] A carbon nanotube transistor structure includes a 
number of carbon nanotubes extending vertically in a sub 
strate material. ? drain electrode of the transistoris connected 
to the carbon nanotubes at a first depth position, and a source 
electrode for the transistor structure connected to the carbon 
nanotubes at a second depth position. A gate electrode 
extends vertically along a side of the nanotubes, between the 
first and second depth positions. There may be multiple ver 
tical side gate electrodes and multiple carbon nanotubes 
between these side gate electrodes. 
[0012] The present invention relates to transistor and recti 
fying devices and associated methods making such devices 
using carbon nanotube technology. Some embodiments of the 
present invention are particularly applicable to transistors. In 
an embodiment, the transistors include carbon nanotubes and 
more specifically, single-walled carbon nanotubes (SWNT). 
In one implementation, the transistors include single-walled 
carbon nanotubes within the pores ofstructures. These struc 
tures may use templates that include anodized aluminum 
oxide or the like. Some embodiments of the presentinvention 
are especially suited for power transistor or power amplifier 
applications, or both. Transistors of the invention may be 
especially suited for a wide range offrequencies, switches, 
power supplies, and driving motors. 
[0013] Other embodiments of the invention are particularly 
applicable to diodes, rectifiers, silicon controlled rectifiers, 
varistors, thyristors, and related devices. In an embodiment, 
the invention combines carbon nanotubes and nanowire ele 
ments. The devices will allow for high currents, high current 
densities, and high powers, which are particularly suited for 
power diodes, power rectifiers, and related applications. 
[0014] In an embodiment, the invention is a field-effect 
transistor device for power applications including a number 
of single-walled carbon nanotubes within a porous alumina 
template or other porous structure. The single-walled carbon 
nanotubes are either directly synthesized within the pores or 
are transferred to the pores after synthesis. Source, drain, and 
gate electrodes areplaced so that multiple single-walled car 
bon nanotubes are connected in a verticalfashion. The device 
is capable of high current densities, high power, and efficient 
power delivery. 
[0015] In an embodiment, the invention includes a device 
such as transistor device or a power transistor device, based 
on a number ofsingle-walled carbon nanotubes that aregated 
and act together. This device acts as a high current, high 
power field-effect transistor. In a specific embodiment, the 
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[0054] FIG. 22 shows a flow diagram of a technique for 
fabricating a single-walled carbon nanotube diode device 
using chemical vapor deposition (CVD) synthesis. 
[0055] FIG. 23 shows a flow diagram of a technique for 
fabricating a single-walled carbon nanotube diode device 
using chemical vapor deposition (CVD) synthesis, where a 
substrate is added to the porous structure. 
[0056] FIG. 24 shows a flow diagram of a technique for 
fabricating a single-walled carbon nanotube diode device 
using a liquid deposition. 

??ETAII ED DESCRIPTION OF THE INVENTION 

[0057] The invention provides a carbon nanotube device 
and techniques for manufacturing such a device, especially a 
transistor device. In a specific embodiment, the carbon nano 
tube device is a single-wall carbon nanotube (SWNT) tran 
sistor, where the single-walled carbonnanotube is an element 
ofthe transistor. Aspecificapplication ofa single-wall carbon 
nanotube device of the invention is as a power transistor, ? 
type of transistor capable of passing relatively high currents 
compared to standard transistors. Carbon nanotube transis 
tors of the invention may be fabricated independently or in 
combination with devices and with devices of different tech 
nologies. 
[0058] FIG. 1 shows an example of an electronic system 
incorporating one or more carbon nanotube transistors or 
rectifying devices of the invention, or combinations of these. 
Electronic systems come in many different configurations 
and sizes. Some electronicsystems are portable or handheld. 
Such portable systems typically may be battery operated. 
[0059] The battery is typically a rechargeable type, such as 
having nickel cadmium (NiCd), nickel metal hydride 
(Ni??), lithium ion (Li-?on), lithium polymer, lead acid, or 
another rechargeable battery chemistry. The system can oper 
ate for a certain amount of time on a single battery charge. 
Afterthe battery is drained, it may be recharged and then used 
again. 
[0060] In a specificembodiment, the electronicsystem is a 
portable computing system or computer, such as a laptop or 
notebook computer. ? typical computing system includes a 
screen, enclosure, and keyboard. There may be a pointing 
device, touchpad, or mouse equivalent device having one or 
more buttons. The enclosure houses familiar computer com 
ponents, some of which are not shown, such as a processor, 
memory, mass storage devices, battery, wireless transceiver, 
and the like. Mass storage devices may include mass disk 
drives, floppy disks, magnetic disks, fixed disks, hard disks, 
CD-ROM and CD-RW drives, DVD-ROM and DVD-RW 
drive, Flash and other nonvolatile solid-state storage drives, 
tape storage, reader, and other similar devices, and combina 
tions of these. 
[0061] Other examples of portable electronics and battery 
operated systems include electronic game machines (e.g., 
Sony PlayStation Portable), DVD players, personal digital 
assistants (PDAs), remote controls, mobile phones, remote 
controlled robots and toys, power tools, still and movie cam 
eras, medical devices, radios and wireless transceivers, and 
many others. The transistor of the invention may be used in 
any of these and other electronic and battery-operated sys 
tems to provide similar benefits. 
[0062] Transistors or rectifying devices of the invention, or 
combinations of these, may be used in various circuits of 
electronic systems including circuitry for the rapid recharg 
ing of the battery cells and voltage conversion, including 
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DC-DC conversion. For example, each laptop power supply 
typically has eightpower transistors. Transistors of the inven 
tion may be used in circuitry for driving the screen of the 
system. Thescreen may be a flatpanel display such as a liquid 
?rystal display (LCD), plasma display, or organic light emit 
ting diode (OLED) display. Transistors of the invention may 
be used in circuitry for the wireless operation of the system 
such as circuitry for wireless networking (e.g., Wi-Fi, 802. 
11?, 802.11b, 802.11g, or 802.11n) or other wireless connec 
tivity (e.g., Bluetooth). 
[0063] FIG. 2 shows an example ofa vehicle incorporating 
one or more carbon nanotube transistors or rectifying devices 
of the invention, or combinations of these. Although the fig 
ure shows a car example, the vehicle may be a car, automo 
bile, truck, bus, motorized bicycle, scooter, golf cart, train, 
plane, boat, ship, submarine, wheelchairs, personal transpor 
tations devices (e.g., Segway Human Transporter (HT)), or 
other. In a specific embodiment, the vehicle is an electric 
vehicle orhybrid-electric vehicle, whose motion or operation 
is provided, at least in part, by electric motors. 
[0064] In an electric vehicle, rechargeable batteries, typi 
cally lead acid, drive the electric motors. These electric or 
hybrid-electric vehicles include transistors or devices of the 
invention in, among other places, the recharging circuitry 
used to recharge the batteries. For a hybrid-electric vehicle, 
the battery is recharged by the motion of the vehicle. For a 
fully electric vehicle, the battery is charged via an external 
source, such as an ACline or another connection to a power 
grid or electrical power generator source. The vehicular sys 
tems may also include circuitry with transistors of the inven 
tion to operate their on-board electronics and electrical sys 
temS. 

[0065] FIG. 3 shows an example ofa telecommunications 
system incorporating one or more carbon nanotube transis 
tors or rectifying devices of the invention, or combinations of 
these. The telecommunications system has one or more 
mobile phones and one or more mobile phone network base 
stations. As described above for portable electronic devices, 
each mobile phone typically has a rechargeable battery that 
may be charged using circuitry with transistors or devices of 
the invention. Furthermore, for the mobile phone or other 
wireless device, there may be transceiver or wireless broad 
casting circuitry implemented using transistors of the inven 
tion. And a mobile phone network base station may have 
transceiver or broadcasting circuitry with transistors or 
devices of the invention. 

[0066] FIG. 4 shows a more detailed block diagram of a 
representative system incorporating the invention. This is an 
exemplary system representative of an electronic device, 
notebook.computer, vehicle, telecommunications network, or 
other system incorporating the invention as discussed above. 
The system has a central block 401, a component of the 
system receiving power. The central block may be a central 
processing unit, microprocessor, memory, amplifier, electric 
motor, display, or other. 
[0067] DC power is supplied to the central block from a 
rechargeable batter? 411. This battery is charged from an?? 
power source 403 using a circuit block A including carbon 
nanotube transistors or devices of the invention. Circuit block 
A may include circuitry to convert?? power to DC power, 
and this circuitry may also include carbon nanotube transis 
tors orrectifying devices. Although a single circuit block? is 
shown to simplify the diagram, the circuitry may be divided 
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into two circuit blocks, one block for AC-to-DC conversion 
and another block for the recharging circuitry. 
[0068] Central block may be a device that can be powered 
either by the ACline or from the battery. In such an embodi 
ment, there would be a path from??power, connection 405, 
circuit block B, and connection 408 to a switch 415. The 
battery is also connected to switch 415. The switch selects 
whether power is supplied to the central block from the bat 
tery or from the ACpower line (via circuit block B). Circuit 
block ? may include AC-to-DC conversion circuitry imple 
mented using carbon nanotube transistors or devices of the 
invention. Furthermore, in an implementation of the inven 
tion, switch 415 includes carbon nanotube transistors or 
devices of the invention. 
[0069] Circuit block ? may be incorporated into a power 
supply for centralblock. This powersupply may be switching 
or linear power supply. With carbon nanotube transistors of 
the invention, the power supply will be able to provide more 
power in a more compact form factor than using typical 
transistors. The power supply of the invention would also 
generate less heat, so there is less likelihood ofoverheating or 
fire. Also, a fan for the powersupply may not be necessary, so 
a system incorporating a power supply havingnanotube tran 
sistors of the invention may be quieter. 
[0070] The path from ACpower through circuit block Bis 
optional. This path is not needed in the case there is not an 
??tion to supply power from an ACline to the central block. 
Insuch a case, switch 415 would also not be used, andbattery 
411 would directly connect to circuit block C. As can be 
appreciated, there are many variations to how the circuitry of 
the system in the figure may be interconnected, and these 
variations would not depart from the scope of the invention. 
[0071] Circuit block C is circuitry such as a DC-to-DC 
power converter or voltage regulator including carbon nano 
tube transistors or devices of the invention. This circuitry 
takes DC power of a certain voltage and converts it to DC 
voltageata different voltagelevel. For example, thebatteryor 
output ofcircuit block ? may have an output voltage ofabout 
7.2 volts, but the central block uses 3 volts. Circuit block C 
converts the 7.2 volts to 3 volts. This would be a step-down 
converter since voltage ofa higher level is being converted to 
a lower level. 
[0072] In the case central block 401 hasa wireless compo 
nent, a path including circuit block Dandantenna 426 will be 
used to transmit and receive wireless signals. Circuit block 
includes carbon nanotube transistors of the invention to per 
form the signal transmission or reception. For example, the 
carbon nanotube transistors may be used as output devices in 
an amplifier generating the wireless signal. In an implemen 
tation of the invention without a wireless component, then 
circuit block D and the antenna would not be present. 
[0073] FIG. 5 shows a symbol of a carbon nanotube tran 
sistor of the invention. According to the invention, transistors 
are manufactured using carbon nanotubes (CNTs). And more 
specifically, field-effect transistors (FETs) are manufactured 
using single-walled carbon nanotubes. The transistor has a 
gate node G, drain node D, and source node S. This carbon 
nanotube transistor of the invention does not have a bulk, 
substrate, or well node as would a typical MOS transistor of 
an integrated circuit. In other embodiments of the invention, 
the carbon nanotube transistor may have a bulk node. 
[0074] When an appropriate voltage is applied to the gate 
node, a channel can form in a carbon nanotube, denoted by 
NT. Current can flow from drain to source. Operation of the 
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single-walled carbon nanotube transistor of the invention is 
analogous to a metal oxide semiconductor (MOS) transistor. 
[0075] The single-walled carbon nanotube is a relatively 
recently discovered material. A single-walled carbon nano 
tube can be conceptually described as a singlesheet ofgraph 
ite (also called graphene) that is configured into a seamless 
??lindrical roll with diameters typically about 1 nanometer, 
but can range from about 0.4 to about 5 nanometers. The 
??linder may be a one-layer thick layer. For example, a nano 
tube may be 0.5,0.7,0.8,0.9, 1.0, 1.1, 1.2, 1.3, 1.6, 2,2.5, 2.7, 
3, 3.2, 3.6, 3.8, 4.0, 4.2, 4.3, 4.5, 4.6, 4.7, or 4.9 nanometers. 
Depending on the process technology, single-walled carbon 
nanotubes may have diameters less than 0.7 nanometers or 
greater than 5 nanometers. 
[0076] In addition to single-walled carbon nanotubes, 
another type of carbon nanotube is a multiwalled carbon 
nanotube (MWNT). ? multiwalled carbon nanotube is differ 
ent from single-walled carbon nanotube. Instead of a single 
carbon nanotube cylinder, multiwalled carbon nanotubes 
have concentric ??linders of carbon nanotubes. Conse 
quently, multiwalled carbon nanotubes are thicker, typically 
having diameters of about 5 nanometers and greater. For 
example, multiwalled carbon nanotubes may have diameters 
of6, 7, 8, 10, 11, 15, 20, 30, 32, 36, 50, 56, 62, 74, 78, 86, 90, 
96, or 100 nanometers, or even larger diameters. 
[0077] Single-walled carbon nanotubes have unique elec 
trical, thermal, and mechanical properties. Electronically 
they can be metallic or semiconducting based on their chiral 
ity or helicity, which is determined by their (n, m) designa 
tion, which can be thought of as how the graphite sheet is 
rolled into a cylinder. Typically, individual single-walled car 
bon nanotubes can handle currents of 20 microamps and 
greater without damage. Compared to multiwalled carbon 
nanotubes, single-walled carbon nanotubes generally do not 
have structural defects, which is significant for electronics 
applications. 
[0078] Single-walled carbon nanotube material has proven 
to have incredible materials properties. It is the strongest 
known material—about 150 times stronger than steel. It has 
the highest known thermalconductivity (about 6000 wattsper 
meter per degree Kelvin). The properties of semiconducting 
single-walled carbon nanotubes are indeed promising. They 
may be used in field-effect transistors (FETs), nonvolatile 
memory, logic circuits, and other applications. 
[0079] With regard to transistorapplications, single-walled 
nanotube devices have “on” resistances and switching resis 
tances that are significantly lower than those ofsilicon. Tran 
sistors based on single-walled carbon nanotube technology 
can handle considerably higher current loads without getting 
as hot as conventional silicon devices. This key advantage is 
based on two factors. First, the lower “on” resistance and 
more efficient switching results in much lower heat genera 
tion. Second, single-walled carbon nanotubes have high ther 
mal conductivity ensures that the heat does not build up. 
[0080] Important considerations in carbon nanotube field 
effect transistor (CNTFET) design and fabrication are three 
fold. ? first consideration is the controlled and reproducible 
growth of high quality single-walled carbon nanotubes with 
the desirable diameter, length, and chirality. A second con 
sideration is the efficient integration of nanotubes into elec 
tronic structures. And a third consideration is current nano 
tube growth and device fabrication processes need to be 
improved significantly so that they are amenable to scalable 
and economical manufacturing. 
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aluminum oxide. Suitable and effective catalyst for single 
walled carbon nanotube synthesis is deposited at the bottom 
of the pore. 
[0095] To fabricate a transistor of the invention, a porous 
structure orsubstrate is used. FIG. 8 shows a top view ofsuch 
a porous structure orsubstrate. FIG. 9 shows a cross-sectional 
view of the porous structure. The porous structure may be, for 
example, an aluminum oxide, Al2O?, structure in form ofan 
aluminum oxide membranethat achievesagiven pore density 
and poresize. Each of the poresisan opening in the structure. 
In an embodiment, this opening is generally circularin shape 
and has a diameter. A pore has pore walls and generally a 
??lindrical opening. The pore opening may be other shapes 
and is not necessarily what would be considered a perfect 
??lindrical (or other shaped) opening. The porous structure 
may be made from other materials other thanaluminum oxide 
includingsilicon, silicon germanium, gallium nitride, germa 
nium, gallium arsenide, plastic, polymer, glass, or quartz, or 
the like, or a combination of these. 
[0096] The pores will have a pore diameter, an interpore 
distance, and a pore length. Pore diameter will be about 10 
nanometers to 200 nanometers. Pore density will typically be 
about 10° per square centimeter to about 10“ per square 
centimeter. Below is a table A of density of the pores and 
corresponding interpore distance for various embodiments of 
the invention for a hexagonal arrangement of pores. 

TABI „?, ? 

Density of Pores (persquare centimeter) Interpore Distance (nanometers) 

2 * 1011 24 
1 * 1011 34 
5 * 1010 48 
2 * 1010 76 
1 * 1010 107 
1 * 109 34() 

[0097] Porelengthwill typically be from about 500 nanom 
eters to about 1.5 microns. However, in other embodiments, 
the pore length may be less than 500 nanometers such asshort 
as 50 nanometers or less, or the pore length may be longer 
than 1.5 microns, such as up to 4 microns or more. 
[0098] An important factor in determining the interpore 
distance will be the integrity of the supporting structure. The 
thickness will likely be thinner (i.e., pore length will be 
shorter) when there is another support structure which the 
porous structure is on. For example, the porous aluminum 
oxide structure may be on a sapphire, diamond, or silicon 
sheet that provides structural integrity. For an aluminum 
oxidestructure only (i.e., no additional supporting structure), 
a thickness from about 25 microns to about 100 microns 
should provide sufficient support. 
[0099] When a support structure is used, a conductive 
material such as metal such as gold, titanium, palladium, 
platinum, or other metal may be deposited at ajunction of the 
support structure the pores. This conductive material will be 
helpful in attaching or contacting a carbon nanotube to the 
support structure, especially when the support structure is an 
insulator or semiconductor or ifthe electrical contact is insuf 
ficient. Only a relatively small amount ofconductive material 
may be needed to aid in nanotube adhesion or electrical 
contact, orboth. The conductive material will not necessarily 
form a rectifyingjunction (e.g., carbon nanotube nanowire) 
as will be discussed later in this patent. 
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[0100] FIG. 8 showsporesarranged in a hexagonal pattern. 
Each pore is at a vertex of a hexagon, and there is also one 
pore in the center of the hexagon. This pattern is repeated 
throughout the porous structure. Any other competent pattern 
may also or instead be used. For example, the pores may be 
arranged in a triangular, square, rectangular, pentagonal, 
??tagonal, trapezoidal, or regular structure. In other embodi 
ments of the invention, the pores may be distributed in a 
random arrangement. There may be two or more different 
arrangements of pores in the same porous structure. For 
example, one portion of the structure has a hexagonal pattern 
and another portion has an octagonal structure. This may be 
useful in providing two or more carbon nanotube transistors 
on the same structure with different characteristics. 
[0101] Further, there may be different arrangements of the 
same pattern in the same porous structure. For example, there 
may be two hexagonal patterns on the same porous structure, 
but the hexagonal patterns may have some offset from each 
other. One hexagonal pattern may be shifted some linear 
distance from the other. Or one hexagonal pattern may be 
rotated at an angle compared to the other hexagonal pattern. 
[0102] For a hexagonal pattern, a pitch is calculated by 
taking the square root of(1/(sine 60*density of pores)). The 
pitch is the distance between two pores and is therefore away 
to estimate the pore diameter, which should be less than the 
pitch since the structure will have a certain wall thickness for 
sufficient structural integrity. In an embodiment, a pore diam 
eterwill range from about 20 nanometers to about 35 nanom 
eters. In another embodiment, the pore diameter will range 
from about 15 nanometers to about 50 nanometers. In another 
embodiment, the pore diameter will range from about 5 
nanometers to about 250 nanometers. 
[0103] The structure may be made by any competent 
method such as electrochemical anodized etching ofalumi 
num. The length and density of the pores is determined by 
anodization conditions including voltage and time. Pores can 
be widened after fabrication by chemical techniques such as 
phosphoricacid etching at a variety oftemperatures such as, 
for example, room temp, 60 degrees Celsius, and other tem 
peratures. Other chemical techniques include using chromic 
acid or a combination of chromic and phosphoricacid. 
[0104] The pattern ofpores in the structure may be made by 
transfer from a porous structure that is primarily made of 
aluminum oxide and that has been made porous as discussed 
elsewhere in this patent. The transfer of pore patterns can be 
by any competent method such as by using the porousalumi 
num oxide structure as a mask and etching through the pores 
into the other medium such as into the silicon, silicon germa 
nium, and so forth. As will be discussed in more detail below, 
the single-walled carbon nanotubes are then synthesized 
directly within or are transferred to the pores of the new 
medium. Source, drain, and gate electrodes are defined to 
form a carbon nanotube transistor of the invention. 

[0105] In an embodiment, aluminum is the starting sub 
strate material. And this aluminum precursor may be 99.99 
percent pure orbetter. The more pure thealuminum precursor 
is the better the results generally will be in terms of transistor 
yield and transistor characteristics. 
[0106] Beforepore fabrication, the precursoris cleanedand 
annealed. Typically thealuminumiselectropolished for some 
time. Then the substrate is anodized or oxidized to form 
aluminum oxide where a first layer of pores is created. This 
first layer of pores does not have to be too organized and 
consistent; this layer may be removed by chemical means. 
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Then the substrate may be anodized or oxidized again. This 
secondstage ofpore fabrication is then used to make a regular 
arrangement of quality pores. Even more anodization steps 
may be performed to further improve ordering. 
[0107] In an embodiment of the invention, when the alumi 
num is formed on a substrate, electropolishing may not be 
needed and instead, cleaning will be used, or cleaning and 
annealing will be used. Electropolishing may remove to? 
much aluminum, and so it may not work well with evaporated 
or sputtered films of aluminum. These techniques form a 
relatively thin film ofaluminum. With such a thin film, typi 
cally there is not sufficient control duringthe electropolishing 
process to ensure not too much aluminum is removed. How 
ever in the case of bulkaluminum oraluminum foil, then the 
process may include annealing and electropolishing during 
anodization. A secondanodization, after the first, is optional. 
Decent pore formation may occur without the second anod 
ization. However, thesecondanodization is useful in order to 
avoid steps such as electropolishing. 
[0108] This process makespores with oneside exposed and 
a thin barrier layer ofaluminum oxide film on the remaining 
aluminum bulk or substrate on the other end of the pore. In 
some embodiments, some processes may have no barrier 
layer when a substrate is used instead ofbulkaluminum. The 
aluminum bulk can be etched or removed by a chemical 
means to open the other side of the pores. This will leave the 
aluminum oxide film with a thickness defined by the etching 
conditions (i.e., time). It is usually about a micron to tens of 
microns in thickness. 

[0109] FIG. 10 shows the porous structure with single 
walled carbon nanotube in the pores. Through processing as 
discussed in more detail below, single-walled carbon nano 
tubesare formed in the pores. Single-walled carbon nanotube 
can be synthesized within the pores or transferred to the 
pores. It is desirable to have a semiconducting single-walled 
carbon nanotube in each pore. It is also desirable to have a 
single-walled carbon nanotube that has both ends exposed at 
oroutside the pore in order to make metal connections. There 
fore, the single-walled carbon nanotube length should be at 
least about equal to the pore length. 
[0110] As is typical for any manufacturing process, how 
ever, theyield ofsemiconducting single-walled carbon nano 
tubes meeting the desired characteristics will vary. A single 
walled carbon nanotube will formin most of thepores, but not 
necessarily every pore. Each pore may not contain a nanotube 
due to yield perpore issues. Most likely, the pore will have an 
average of one tube, but it will be spread out with some with 
zero tubes, some with one, some with multiple tubes, such as 
two to fourtubes. And for the single-walled carbon nanotubes 
that are formed, some will have the desired characteristics and 
others will not. 

[0111] The single-walled carbon nanotube can be p-type 
such as when subject to ambient and oxygen adsorption 
occurs. The single-walled carbon nanotube can be n-type 
such as when the single-walled carbon nanotube is coated 
with electron-donating species such as metal particles, select 
polymer coatings, or select gas species. 
[0112] Some amounts of missing or defective pores and 
missing or noneffective single-walled carbon nanotubes are 
expected. Additionally, some pores and carbon nanotubes 
may be removed when forming a gate of the transistor. How 
ever, due to redundancy and a large number of pores with 
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nanotubesperunitarea, an operative transistorwill be formed 
even if not every pore has an effective single-walled carbon 
nanotube device. 

[0113] Some nanotubes may have undesirable characteris 
tics. For example, some nanotubes may be metallic single 
walled carbon nanotubes or semiconducting single-walled 
carbon nanotubes that do not deplete effectively with the 
electric gating. These undesirable carbon nanotube devices 
can be removed by any competent technique such as chemi 
cal, mechanical, or electrical techniques, and the like, or 
combinations of these techniques. One specific technique is 
to useacidssuch as nitricacidto etch metallictubesata faster 
rate than semiconductors. Another technique is electrical 
burn-offwith protection where the gate is used to turn offthe 
“wanted” semiconducting tubes and then flow a sufficient 
current through the metallictubes until they fail. The current 
to cause failure or electrical breakdown of the undesirable 
carbon nanotubes may be over above about 15 microamps to 
about 25 microamps pertube, or even higher currents may be 
used. Due to the redundancy and device density, even in the 
case when not all pores yield an effective single-walled car 
bon nanotube device, this will not render the transistor device 
defective or inoperative. 
[0114] Insome embodiments of the invention, high current 
densities are obtained. For example, some embodiments of 
the present invention can be configured by including suffi 
cient density offunctional single-walled carbon nanotubes to 
obtain current density ofgreater than about 1000 amperesper 
square centimeter. Depending on the density and current con 
tribution ofeach carbon nanotube, the current density may be 
greater than 1000 amperes per square centimeter, such as 
2000 amperes per square centimeter, 3000 amperes per 
square centimeter, 4000 amperes per square centimeter, or 
5000 or more amperes per square centimeter. The current 
density may be less than 1000 amperespersquare centimeter. 
The current density may be much higher than 5000 amperes 
persquarecentimeter, such as 10" amperespersquare cen 
timeter. 
[0115] Direct synthesis of single-walled carbon nanotubes 
within the pores can use any competent method. In an 
embodiment of the invention, a technique includes perform 
ing chemical vapor deposition (CVD) at 400 degrees to 1200 
degrees Celsius to synthesize single-walled carbon nanotube 
devices within the pores. The results may be that about 95 
percent or higher of the single-walled carbon nanotubes are 
semiconducting. In another embodiment, 70 percent or 
higher of the single-walled carbon nanotubes are semicon 
ducting. However, lower percentages such as at least 60 per 
cent or lower can also be tolerated to obtain a working device. 
[0116] In another embodiment of the present invention, ? 
method is as follows. Fabricate pores in the in the form of 
aluminum oxide film on the aluminum bulk. In an embodi 
ment, the pores and aluminum oxide are formed at the same 
time as the aluminum is being oxidized. Place an appropriate 
catalyst at the bottom of the pores to form single-walled 
carbon nanotubes. The appropriate catalyst may be, for 
example, iron, nickel, or cobalt, or any combination of these 
metals, or any combination ofone or more of these with other 
metals. Typically the catalyst is in the form of nanoparticles 
that is the appropriate size, usually 1 nanometer to 4 nanom 
eters in diameter. In other implementations, the catalyst may 
be larger than 4 nanometers. These nanoparticles may be 
obtained through metal deposition such as by metal evapora 
tors, electrochemical deposition of metals, or a wet deposi 
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tion of catalyst where the metal catalyst nanoparticle or par 
ticles is supported by a largerinorganic support or an organic 
shell, such as a ferritin protein. 
[0117] The catalyst particleshouldstay the appropriatesize 
for synthesis of the single-walled carbon nanotubes. Synthe 
sis can occur with thealuminum bulkstill on the bottom of the 
structure if temperatures are less than about 600 degrees 
Celsius to about 650 degrees Celsius. The template with 
aluminum oxide only can go to higher temperature, for 
example, to about 900 degrees Celsius to about 1000 degrees 
Celsius. Above 650 degrees Celsius the aluminum will begin 
to melt, and below 600 degrees Celsius, carbon nanotube 
production may be impaired compared to production at a 
higher temperature. The presence of remaining aluminum 
bulk limits the maximum temperature. Otherwise a full range 
of about 400 degrees Celsius to about 1200 degrees Celsius 
may be used. As an example, if a different material is used, 
such as tungsten, a higher temperature than 650 degrees Cel 
sius may be used because the melting point of the materialis 
higher than aluminum. 
[0118] In an embodiment, the aluminum bulk will be 
removed, which will leave a thin aluminum oxide film on the 
bottom side, such that the catalyst particle is not exposed (or 
the single-walled carbon nanotubes will grow from that side 
and not into the pore itself). After synthesis, the thin alumi 
num oxide film or bulkaluminum is removed and the alumi 
num oxide membranewill have the ability to metalconnect to 
each side of the single-walled carbon nanotube. 
[0119] In another embodiment of the invention, single 
walled carbon nanotubes are synthesized before incorpora 
tion into the transistordevice. Thesingle-walled carbonnano 
tubes are synthesized beforehand in bulk by any competent 
method such as CVD, arc-discharge, laser ablation method, 
or the like, or combinations of these, or any other method. 
Then the carbon nanotubes are transferred into the pores of 
the structure. The transfer method of single-walled carbon 
nanotube placement can use any competent method. 
[0120] In one embodiment of the present invention, ? 
methodisas follows. Fabricateporesandthealuminum oxide 
film, and then remove the aluminum bulk and expose each 
side of the pores. As discussed above, in an embodiment, the 
poresandaluminum oxide may be formed at the same time as 
thealuminum is being oxidized. Synthesizethe single-walled 
carbon nanotubes. Then the single-walled carbon nanotubes 
are put in solution orsuspension by any competent method. 
Flow a solution or suspension containing single-walled car 
bon nanotube through the pores such that it leaves single 
walled carbon nanotubes in the pores with the ability to con 
tact each side with metal electrodes. 
[0121] More specifically, single-walled carbon nanotubes 
in solutions or suspensions are transferred to the pores as the 
liquid flows through the pores. Microfluidic methods may be 
used. Any unwanted or extraneous single-walled carbon 
nanotubes orportions of single-walled carbon nanotubes are 
removed by any competent method such as chemical, electri 
cal, or mechanical methods, or the like. 
[0122] While in solution, the single-walled carbon nano 
tubes can further be separated to enrich the semiconducting 
content and optimize the length and diameter. For example, 
thesingle-walled carbon nanotubes may be separated bysize, 
length, or electrical characteristics. In one implementation, 
semiconducting single-walled carbon nanotubes are sepa 
rated from metallic single-walled carbon nanotubes. There 
fore, using this approach, it is possible to get a higher con 
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centration of semiconducting single-walled carbon 
nanotubes than ispossible by synthesisalone. Thesolution or 
suspension can also be optimized for single-walled carbon 
nanotubes ofa desired diameter and length. The diameter of 
the single-walled carbon nanotube will determine the semi 
conducting band gap size. The length of the single-walled 
carbon nanotubes should be at leastas longas the pore length. 
[0123] Source and drain electrodes may be formed on each 
side (e.g., top and bottom) of the single-walled carbon nano 
tubes and aluminum oxidestructure. To help open both sides 
ofan aluminum oxide structure and the single-walled carbon 
nanotube for electrode connection, any barrier aluminum or 
aluminum oxide is removed by any competent method. One 
or moregate electrodes is fabricated to form the transistor. 
[0124] FIG. 11A shows a perspective view of a transistor 
according to an embodiment of the invention. Although FIG. 
11A shows one transistor according to the invention, using 
the technique of the invention, many transistors may be 
formed at the same time. Only a single transistor is shown in 
order to simplify the diagram. 
[0125] Oneside of the porous structure 1120 is connected 
with a conductive electrode 1140 and is a source electrode for 
the transistor. The opposite side is connected with a conduc 
tive electrode 1150 and is a drain electrode for the transistor. 
? conductive gate region 1110 is patterned such that it is 
isolated by an oxide or otherisolating material 1130 from the 
source and drain and the carbon nanotubes. In an embodi 
ment, oxide 1130 is aluminum oxide. This gate effectively 
gates the multiple single-walled carbon nanotube connec 
tions. This gate may be formed using metal, polysilicon, 
polysilicide, or another conductive material. 
[0126] This patent describes top electrode 1140 as the 
source node of the transistor while bottom electrode 1150 is 
the drain node of the transistor. However, in other implemen 
tations of the invention, as those ofskill in the art will recog 
nize, these designations may be exchanged, so top electrode 
may be the drain and bottom electrode will be the source. 
Therefore, although this patent primarily describes one par 
ticular arrangement of electrodes for consistency, other 
arrangements may be used instead without departing from the 
scope of the invention. 
[0127] A layout of the top side of the porous structure has 
are stripes ofalternating types of conductors. In this specific 
case, the conductors aresource, gate, source, gate, andsource. 
Alternatively, the stripes may be drain, gate, drain, gate, and 
drain. In an implementation, these conductors may be metal, 
polysilicon, metal, polysilicon, and metal. 
[0128] In another embodiment, a layout of the bottom side 
of the structure may mirror the stripe arrangement of the top. 
For example, the top may be source, gate, source, gate, and 
source, and the bottom may be drain, gate, drain, gate, and 
drain, where gates on the top are above the gates on the 
bottom. Another arrangement on the bottom is gate, drain, 
gate, drain, and gate, where the sources on top are above the 
gates on the bottom. 
[0129] In a further embodiment, source electrodes and 
drain electrodes may be integrated on the same side of the 
structure. For example, the drain electrodes on the top side of 
the structure may be connected to ends of the nanotubes on 
the bottom through an appropriate connection such as a 
jumper, via, carbon nanotube, or nanowire. 
[0130] In the embodiment of FIG. 11?, the transistor has 
two gate electrodes or two gate electrode regions 1110, and 
between these regions are a number of pores and single 
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structure, such as a semiconductor substrate. The semicon 
ductor substrate may be silicon or gallium arsenide. These 
separate structures (which may be referred to as dies) may be 
packaged together in a single package, or may be separately 
packaged. 
[0155] FIG. 12 shows a flow diagram of a direct synthesis 
method for single-walled carbon nanotube placement, 
according to a specific embodiment of the present invention. 
In a step 1204, the technique anodizes cleaned and annealed 
aluminum foil to create a porous aluminum oxide layer. The 
startingaluminum material may be ofany thickness, not only 
in foil form. The starting aluminum material or aluminum 
substrate may be thicker than aluminum foil. As was dis 
cussed above, another material besides aluminum may be 
used as the starting material. 
[0156] In a step 1208, verify pore quality including diam 
eter, ordering, and homogeneity. In a step 1212, check 
whether pore size and ordering is acceptable. These may be 
checked by atomic force microscopy (AFM), scanning elec 
tron microscopy (SEM), ellipsometry, or other characteriza 
tiontechniques, or combinations of these. Ifnot, then in a step 
1215, widen pores by chemical or mechanical processes. A 
secondanodization may be performed afterremoving the first 
pore structure in order to increase ordering. The substrate 
may be dipped in a chemicalsolutionsuch asphosphoricacid, 
chromic acid, or combinations of these at a variety of tem 
peratures, which will etch the pores to have a larger diameter. 
[0157] Once the pore size and ordering is acceptable, the 
technique proceeds to a step 1219 to deposit catalyst for 
single-walled carbon nanotube synthesis at bottom of pores. 
Some examples of catalysts include iron (Fe), nickel (Ni), 
cobalt (??), molybdenum (Mo), or combinations of these by 
electrodeposition, s?uttering, evaporation, or metal nanopar 
ticles in the form offerritin. The catalyst may be an alloy of 
iron, nickel, or cobalt. 
[0158] The catalyst permits the carbon nanotubes to form 
under the following conditions: temperatures from about 400 
degrees Celsius to about 1200 degrees Celsius; hydrocarbon 
gas or carbon containing species, or combination of these, in 
reactororflowing through reactor. One example ofconditions 
to grow carbon nanotubes is to use methane and hydrogen at 
about 800 degrees Celsius to about 850 degrees Celsius. In a 
further embodiment, to grow carbon nanotubes, a tempera 
ture from about 600 degrees Celsius to about 900 degrees 
Celsius is used. 
[0159] In a step 1222, perform chemical vapor deposition 
synthesis of single-walled carbon nanotubes. In a step 1226, 
verify acceptability of the single-walled carbon nanotubes. 
Characterizeyield and quality. If not acceptable, proceed to a 
step 1229, check for multiwalled carbon nanotubes, carbon 
tubules or fibers, or amorphous carbon. If there are multi 
walled or tubules or amorphous carbon, then the sample will 
probably not be useable and the processing will starts over. 
For example, information about what happened to the present 
run through the process may be used to fine tune the process 
in further runs. Adjustments may be made to the synthesis 
conditions such as reducing the amount of reactive carbon 
and perhaps change or reduce the amount of catalyst. 
[0160] Ifafterstep 1226 the single-walled carbon nanotube 
are acceptable, then proceed to step 1232, open unexposed 
end of pores by chemical etching ofaluminum base. 
[0161] In a step 1235, check whether there are extraneous 
single-walled carbon nanotubes or defective single-walled 
carbon nanotubes. If not, proceed to step 1243, otherwise 
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proceed to step 1237 to remove unwanted single-walled car 
bon nanotubes orportions of these by chemical or mechanical 
means. For example, selective etching of extraneous nano 
tubes by plasma etching or acid treatment, possibly in con 
junction with lithographic patterning forprotection ofwanted 
tubes may be used. 
[0162] Then proceed to step 1243, to pattern a source elec 
trode on one side of the aluminum oxide structure, drain 
electrode on the opposite side, and isolated gate electrode. 
During this step, the single-walled carbon nanotube transistor 
is formed. 

[0163] In a step 1247, test the transistor device. Determine 
if any single-walled carbon nanotube connections do not 
show effective field effect transistor characteristics. If not, 
proceed to step 1256, otherwise in step 1250, remove 
unwanted single-walled carbon nanotubes or portions of 
these by electrical, chemical, or mechanical means. A tech 
niquesuch as the electrical burn-offtechnique discussed may 
be used. 

[0164] In step 1256, the transistor device is packaged and 
tested. 

[0165] FIG. 13 shows a flow diagram of a transfer method 
for single-walled carbon nanotube placement, according to a 
specific embodiment of the present invention. In a step 1303, 
the technique anodizes cleaned and annealed aluminum foil 
to create a porous aluminum oxide layer. The starting alumi 
num material may be of any thickness, not only in foil form. 
The starting aluminum material or aluminum substrate may 
be thicker than aluminum foil. As was discussed above, 
another material besides aluminum may be used as the start 
ing material. 
[0166] In a step 1306, verify pore quality including diam 
eter, ordering, and homogeneity. In a step 1309, check 
whether pore size and ordering is acceptable. These may be 
checked by atomic force microscopy (AFM), scanning elec 
tron microscopy (SEM), ellipsometry, or other characteriza 
tion techniques, or combinations of these. Ifnot, then in a step 
1311, widen pores by chemical or mechanical processes. A 
secondanodization may be performed afterremoving the first 
pore structure in order to increase ordering. The substrate 
may be dipped in a chemicalsolutionsuch asphosphoricacid, 
chromic acid, or combinations of these at a variety of tem 
peratures, which will etch the pores to have a larger diameter. 
[0167] Once the pore size and ordering is acceptable, the 
technique proceeds to a step 1315 to open unexposed end of 
pores by chemical etching ofaluminum base. In a step 1318, 
filter single-walled carbon nanotube solution or suspension 
through pores to deposit single-walled carbon nanotubes 
within thealuminum oxidestructure. Inastep 1322, verify for 
single-walled carbon nanotube yield and quality. 
[0168] In a step 1324, check whether there are extraneous 
single-walled carbon nanotubes or defective single-walled 
carbon nanotubes. If not, proceed to step 1331, otherwise 
proceed to step 1327 to remove unwanted single-walled car 
bon nanotubes orportions of these by chemical or mechanical 
means. For example, selective etching of extraneous nano 
tubes by plasma etching or acid treatment, possibly in con 
junction with lithographic patterning forprotection ofwanted 
tubes, may be used. Then the next step is 1331. 
[0169] In step 1331, pattern a source electrode on one side 
ofthe aluminum oxidestructure, drain electrode on the op?? 
site side, and isolated gate electrode. During this step, the 
single-walled carbon nanotube transistor is formed. 
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[0170] In a step 1336, test the transistor device. Determine 
if any single-walled carbon nanotube connections do not 
show effective field effect transistor characteristics. If not, 
proceed to step 1343, otherwise in step 1340, remove 
unwanted single-walled carbon nanotubes or portions of 
these by electrical, chemical, or mechanical means. The elec 
trical burn-offtechnique discussed above may be used. 
[0171] In step 1343, the transistor device is packaged and 
tested. 
[0172] Various embodiments and implementation of the 
invention areprovided below. An example embodiment of the 
presentinvention is a method for makinga transistororpower 
transistor that includes the following. Aluminum is anodized 
and holes are formed in the aluminum oxide. One end of the 
aluminum oxide will be open. A catalyst is put at the bottom 
of holes. At a temperature under about 650 Celsius, single 
walled carbon nanotubes are grown from the bottom ofholes 
to the top and possibly extending out of the top. It is desirable 
to have one single-walled carbon nanotube per hole or pore. 
Bulkaluminum and any thin film ofalumina are removed to 
expose the bottom of holes and the resultant single-walled 
carbon nanotubes. Added are a drainto oneside and source to 
oneside of the material with holes. Agate is added to one or 
moresides ofthe material with holes. In anotherembodiment, 
etch or create a trench to place the gate into the aluminum 
oxide. 
[0173] Note that adding one of the electrodes (drain or 
source) to the top side may be performed before or after the 
step of removing the bulkaluminum. Adding the gate to the 
topside can be performed before orafter the step ofremoving 
the bulkaluminum. 
[0174] A protector or insulator film can be added to help 
isolate the gate. The protector film can be performed before 
adding the gate and can be performed before removing the 
bulkaluminum. 

[0175] For this and other method embodiments, that if the 
material for the holes is not to be aluminum oxide, then the 
hole-making steps to be used would be any competent hole 
making steps for the particular material chosen. 
[0176] In a further embodiment, the present invention is a 
method for making a power transistor that includes the fol 
lowing. Anodiz?aluminum and form holes, where one endis 
open. Remove bulkaluminum. A thin aluminum oxide may 
remain which keeps the holescovered. Put catalyst at bottom 
of holes. Grow single-walled carbon nanotubes (desirable to 
have one per hole) from the bottom of holes to the top and 
possible extending out of the top. Remove any thin film of 
alumina to expose the bottom of holes and the resultant 
single-walled carbon nanotubes. Add drain to one side and a 
source to one side. Add gate to one or more sides, or alterna 
tively or in additionally, etch trench or other opening into the 
aluminum oxide and form gate in trench or opening. 
[0177] Adding one electrode (drain orsource) and the gate 
to topside (and possibly a protector film) may be performed 
before the remove bulkaluminum step. 
[0178] In a further embodiment, the present invention is a 
method for making a transistor or power transistor that 
includes the following. Anodize aluminum and form holes, 
where one end may be open. Remove bulkaluminum and any 
alumina film to fully expose both ends of holes. Put or posi 
tion catalystat one end ofholes. By position, this could be by 
placing the template on another substrate that iscovered with 
catalyst. The single-walled carbon nanotubes could grow up 
and through the hole. Grow single-walled carbon nanotubes 
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in a further embodiment (desirable to havejust one per hole) 
from one end of hole and through the holes to the other end, 
possibly extending from theholes. Add a drainto oneside and 
a source to one side. Add gate to one or more sides, or 
alternatively or in additionally, etch trench or other opening 
into the aluminum oxide and form gate in trench or opening. 
[0179] In a further embodiment, the present invention is a 
method for making a transistor or power transistor that 
includes the following. Place source on a substrate. Add alu 
minum layer onto source layer. Anodize holes in aluminum 
layer to form porous aluminum oxide. Verify that holes reach 
the source. Verification may include an etch step. Put catalyst 
on bottom of holes. Grow single-walled carbon nanotubes 
through holes and possibly extending through the hole. The 
nanotubes may be electrically connected to source. Add drain 
and gate. 
[0180] Note that in this embodiment, the aluminum oxide 
with pores is directly on a substrate with source already there. 
The substrate also provided mechanical stability. The alu 
mina film can then bethin and robust. The catalyst can also be 
placed on the source layer before adding the aluminum layer 
step. 
[0181] In another example implementation approach, both 
ends of the holes are exposed and catalyst is put orpositioned 
at one end of the pore. Single-walled carbon nanotubes then 
grow from one end of the pore and through the pore to the 
other end, possibly extending out the end. For instance, the 
aluminum oxide film with pores can be contacted to a sub 
strate covered with single-walled carbon nanotube catalyst. 
In another form, the aluminum to be anodized can be depos 
ited or placed on a substrate, which can be used as a form of 
mechanical stability. A source electrode can be placed 
between the substrate andaluminum, such that the holes will 
reach the source. Single-walled carbon nanotube will be con 
tacted electrically to the source during and after synthesis. 
The catalyst for single-walled carbon nanotube synthesis can 
beplaced on the source before or the formation of the porous 
aluminum oxide film. 

[0182] Other embodiments of the present invention are 
apparatuses or articles produced according to any method 
embodiment of the present invention or produced using any 
apparatus or article embodiment of the present invention. 
[0183] Further example embodiments include the follow 
ing. ? transistor device includes a structure that defines a 
number of pores. Single-walled carbon nanotubes will be 
inside at least some of the number of pores. A first electrode 
on a first side of the structure connects to multiple ones of the 
single-walled carbon nanotubes. A second electrode on a 
second (e.g., opposing) side of the structure connects to mul 
tiple ones of the single-walled carbon nanotubes. There is a 
third electrode that is electrically isolated from the first and 
second electrode. 
[0184] The first electrode may define the source of the 
transistor. The second electrode may define the drain of the 
transistor. The third electrode may define the gate of the 
transistor. The device operates as a field-effect transistor. The 
number of pores includes pores with diameters within the 
range of about 1 nanometer to about 200 nanometers. The 
structurehasporedensities ofabout 10°persquarecentimeter 
to about 10"* persquare centimeter. 
[0185] In an embodiment, at least a given percentage of 
pores will be known to contain single-walled carbon nano 
tubes. Each pore may include zero, one, or multiple single 
walled carbon nanotubes. At least about 60 percent of the 
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the reverse direction and Schottky diodes which perform well 
athighfrequencies. Desirable qualities ofdiodes include high 
breakdown voltages, high current carrying capability, low 
voltage drop during conductance, very low reverse recovery, 
and small switching time delays. Thyristors and silicon-con 
trolled rectifiers (SCRs) act as switches where the current 
generally only passes in one direction. 
[0200] Generally, an important component in these devices 
is a junction, which connects two semiconductors or elec 
tronic regions within a semiconductor. This junction may be 
a p-njunction which isajunction fora p-typesemiconducting 
region with an n-type semiconducting region. Another junc 
tion includes the combining of regions of differing electron 
carrier concentration such varying n+ concentration in n-type 
regions or lower electron concentrations to higher electron 
concentrations. Another junction includes the combining of 
regions of differing hole carrier concentration such as p+ 
concentration in p-type regions or lower hole concentrations 
to higher hole concentrations. Another junction is a hetero 
junction between two different materials. 
[0201] Presently these types of rectifying devices are based 
largely on silicon technology. Silicon carbide, gallium 
nitride, gallium arsenide, germanium, and other semicon 
ducting materials are also being used. Limitations to this 
technology, where the advancement in performance is often 
referred to as top-down scaling, are in the physical properties 
of the bulk semiconductor as it scales down to smaller and 
smaller feature sizes, such as in the nanometer scale, and the 
development of more advanced lithographic and other pro 
cessing tools. The possible limitations of current technology 
in the near future have given momentumto research on nanos 
cale and molecular materials. This type oftechnology is often 
referredto as bottom-up.Two types ofone-dimensionalnano 
structures that have potential application in future technology 
are nanowires and nanotubes. Nanowires may includesilicon, 
germanium, gallium nitride, metal oxides, III/V elements, 
II/VI elements, and other materials. Nanowires are solid 
structures. Nanotubes have hollow cores and include carbon, 
boron nitride, or other materials, or combinations of these. 
Carbon is the most common form of nanotube. 

[0202] Carbon nanotubes are believed to be the most ther 
mally conductive materialknown, significantly more conduc 
tive than diamond and graphite. They are also the strongest 
material known, with extremely high tensile strength, 
Young's modulus, and resiliency. Their electrical properties 
vary from metallicconduction to semiconducting with a vari 
ety ofband gapsizes, and these properties are determined by 
their physical structure. 
[0203] Semiconducting carbon nanotubes may be made 
p-typeby exposure to air, oxygen, orambient. It ispossible to 
control the majority carrier type and concentration by inten 
tional exposure to gaseous species, polymers, liquids, metal 
lic or semiconducting particles, or various coatings. An 
approach anneals at 425 degrees Celsius in nitrogen to pro 
duce n-type nanotube transistors Annealing, v??uum heating, 
or other methods can producen-type nanotubes by removing 
adsorbed species such as oxygen. 
[0204] An approach usespotassium dopingto create n-type 
nanotube segments. Potassium atoms are expelled from a 
potassium source through electrical heating in v??uum, and 
the potassium atoms adsorb onto exposed carbon nanotube 
sections and donate electrons to the tube. Electron donation 
transfers the segment from p-type to n-type. By protecting 
part of the carbon nanotube from the potassium doping, one 
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may producep-njunctions. Electrostatic doping orgating can 
be used to modify the electrical nature of carbon nanotubes. 
Forinstance, gating can be used to change the majority carrier 
type and concentration, which modulates the nanotube elec 
trical properties. 
[0205] An approach uses a split gatestructure to form p-n 
junctions in carbon nanotube devices. One gate is set to a 
positive 10volts andthe othergate issetto a negative 10volts. 
This produces ap-side and n-sideanda p-njunction, which is 
shown in the rectification of the current-voltage measure 
ments. Intentional nitrogen doping during carbon nanotube 
synthesis may be used to create CNx/?junctions. Rectifica 
tion occurs due to junctions between multiwalled carbon 
nanotubes and CNx nanotubes. The nitrogen content in the 
CNx nanotube may be about 9.5 percent. 
[0206] Nanowires may be fabricated with junctions 
through doping and heterostructure synthesis. There are gal 
lium nitride nanowires with p-njunctions, where magnesium 
nitride is added during nanowire synthesis in order to form 
junctions. Heterostructures and superlattices may occur in 
nanowires, where alternating segments are produced by alter 
nating the nanowire material precursor during synthesis. 
Indium phosphide and silicon nanowires with alternating p-n 
junctions are characterized and show rectification. 
[0207] Gallium arsenide/gallium phosphide alternating 
segments may have multiple heterojunctions within single 
nanowires. Junctions can also be created by traditional means 
such as ion implantation. Carbon nanotubes may also form 
junctions with nanowires. There may be a heterojunctions 
between carbon nanotubes and silicon nanowires. The syn 
thesis is a two-stepprocess where eitherthe silicon nanowires 
are synthesized then the carbon nanotubes, or the carbon 
nanotubes were synthesized followed by the silicon nanow 
ires. Devices having these junctions show rectification. 
[0208] Thepotentialforthese nanostructures and theirabil 
ity to perform as nanoelectronic devices has been shown. It 
would be advantage?us to have methods to incorporate the 
nanostructures into devices that are practical, scalable, and 
allow for the voltages, currents, and powers required for 
current industry applications. Single or few nanostructure 
devices will not be sufficient in most cases due to the limita 
tions of current and power. New methods and architectures 
are required to incorporate the nanostructures into practical 
devices. 
[0209] What is needed is a scalable and practical method 
for fabricating nanostructure-based diodes, rectifiers, thyris 
tors, silicon controlled rectifiers, or related devices that takes 
advantage of the high performance potential of the nanostruc 
tures. Combining the potential ofnanowires and carbon nano 
tubes in a controlled manner is advantage?us. 
[0210] One embodiment of the presentinvention includes? 
device having a number of carbon nanotubes and nanowires 
within a porous template or structure including a material 
such as aluminum oxide (Al2O3), titanium oxide, niobium 
oxide, tantalum oxide, zirconium oxide, or other materials, or 
combinations of these. 
[0211] The pores are formed by any competent method. 
One approach uses anodization of metal precursors such as 
theanodization ofaluminumto formporousaluminum oxide. 
The pores will be vertically aligned. The carbon nanotubes 
are either directly synthesized within the pores or are trans 
ferred to the pores after synthesis. The nanowires are depos 
ited on one end of the pores. A first electrode isplaced so that 
a multitude of the carbon nanotubes are connected. 
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may be fabricated by forming a number of pores on a first 
layer and transferring it to additional layers. For instance, the 
first layer may includealuminum oxide, titanium oxide, nio 
bium oxide, tantalum oxide, zirconium oxide, or combina 
tions of these, where the pores are formed by any competent 
method including anodization methods. The pores may be 
transferred to additional layers by any competent method 
such as, for example, etching through chemical, mechanical, 
or electrical methods, or dry etching, plasma etching, chemi 
cal etching, wet etching, reactive ion etching, or combina 
tions of these. 

[0236] In one embodiment of the present invention, a sig 
nificant number of the carbon nanotubes are semiconducting 
and the nanowires are metallic. In another embodiment, the 
carbon nanotubes are primarily metallic and the nanowires 
are semiconducting. In yetanother embodiment, a significant 
number of carbon nanotubes are semiconducting and the 
nanowires are semiconducting. 
[0237] In one embodiment of the present invention, the 
electrical properties of the carbon nanotubes, nanowires, or 
both, are modified by chemical or electrical methods, for 
example based on controlled environmental exposure, ambi 
ent exposure, exposure to oxidative environments, intentional 
doping or coatings, annealing, heating in v??uum, electro 
static doping, polymer coatings, or combinations of these. 
[0238] The method according to the present invention 
allows for large densities ofpossible connections, and it is not 
necessary for every pore to contain a functioning carbon 
nanotube-nanowire heterostructure device. The redundancy 
allows for defects, failures, and low yields. 
[0239] In one embodiment of the present invention, after 
device fabrication, the electronic device is properly mounted 
and packaged in order to achieve overall mechanical, electri 
cal, and thermal quality and stability as a final product. 
[0240] Referring again to FIGS. 8 and 9, the pores are open 
at one end. Pore diameter is usually from about 5 nanometers 
to about500nanometers.Pore densityisusuallyabout 10”per 
square centimeter to about 10"* per square centimeter. In 
some specific embodiments, the pore density will be in a 
range from about 10° to about 10"". FIG. 8 top view shows 
pores arranged in a hexagonal pattern. As discussed previ 
ously, any other competent pattern may also or instead be 
used. 

[0241] The structure is made by any competent method 
such as, for example, electrochemical anodized etching of a 
material including aluminum, titanium, niobium, tantalum, 
zirconium, or combinations of these. The length and density 
of the pores is determined by anodization conditions includ 
ing voltage, current, and time. Pores can be widened after 
fabrication by addition chemical techniques such as conven 
tional techniques. 
[0242] The more pure (e.g., 99.99 percent or better) the 
precursor material is the better the results. It is cleaned and 
annealed prior before fabrication. Usually the material is 
electropolished for some time. A first layer of pores may be 
created which need not be too organized and consistent, 
which is removed by chemical means, and thesecondstage of 
pore fabrication is then used to make the nicely arranged and 
quality pores. Thestructure mayalso be made by lithographic 
methods and etching techniques. For example, a mask with 
pores may be used with dry etching techniques to produce the 
structure with a number of pores. The mask may be a photo 
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resist, a metal, a metal oxide, silicon oxide, silicon nitride, or 
combinations of these. The mask may be removed after the 
etching process. 
[0243] The process illustrated by FIG. 9 provides a struc 
ture where at least some of the number of pores extends 
through the structure. Both ends of the pores are open. The 
thickness of the structure (i.e., the length of the pores) is 
usually greater than 10 microns. 
[0244] FIG. 14 illustrates the structure with the number of 
pores on a substrate. A significant number of the pores can 
extend all the way to the substrate. The substrate can be a 
conductor, semiconductor, or insulator. The substrate can be 
the bulk material of the structure. The substrate can be used 
for supporting the structure with the number of pores, which 
is particularly useful when the structure is less than about 10 
microns thick. 
[0245] FIG. 15 show a cross-sectionalview ofa device with 
carbon nanotubes 1510 in the pores of the structure 1520 and 
nanowires 1530 covering a portion of the carbon nanotubes. 
Top 1540 and bottom 1550 electrodes are defined. FIG. 16 
illustrates the device where a substrate 1660 is used and 
connected to the bottom electrode. 
[0246] Referring to FIG. 15, carbon nanotubes can be syn 
thesized within thepores or transferred to the pores. A desired 
case is one carbon nanotube per pore. However multiple 
nanotubesperpore may be utilized. Due to redundancy and a 
large number ofporesper unitarea, not all poresmustyieldan 
effective device component. Some amounts of missing or 
defective pores, missing or noneffective carbon nanotubesor 
nanowires, or both, carbon nanotube or nanowires, or both, 
removed by devicearchitecture requirements, and otheryield 
issues will not make the device inoperative. Undesirables can 
be removed by any competenttechniquesuch as, for example, 
chemical, mechanical, or electrical techniques, or the like, or 
any other technique. In view of redundancy and device den 
sity, the fact that not all pores yield an effective device com 
ponent will not render the device defective or inoperative. 
[0247] Direct synthesis of carbon nanotubes within the 
pores can use any competent method. In one embodiment of 
the present invention, catalyzed chemical vapor deposition is 
used with an appropriate catalyst for carbon nanotubes in the 
pores. The appropriate catalyst may be, for example, iron, 
nickel, cobalt, molybdenum, or combination of these, or com 
bination with other metals, where the catalyst may be placed 
through metal deposition such as by metal evaporators or 
electrochemical deposition of metals or by a wet deposition 
of catalyst where the metal catalyst nanoparticle or particles 
is supported by a larger inorganic support or an organic shell 
(such as a ferritin protein or dendrimer). In another embodi 
ment, chemical vapor deposition is used without the presence 
ofa catalyst. 
[0248] The transfer method ofcarbon nanotube placement 
can use any competent method. In one embodiment of the 
present invention, a method is as follows. Fabricate pores in 
the structure including metal, semiconductor, insulator, alu 
minum oxide, titanium oxide, niobium oxide, tantalum oxide, 
zirconium oxide, or combinations of these, and then expose 
each side of the pores. Flow a solution orsuspension contain 
ing carbon nanotubes through the pores such that it leaves 
carbon nanotubes in the pores with the ability to contact at 
least one side with metal electrodes. The carbon nanotubes 
are synthesized beforehandinbulkby any competent method, 
for example, a CVD, arc-discharge, or laser ablation method 
or the like or any other method. Then they are put in solution 
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gate, etch into structure if desired. (14) If not, test and char 
acterize the device, properly mounting the package for the 
end product. 
[0259] FIG. 23 is a schematic flow diagram of a direct 
synthesis method for carbon nanotube placement, according 
to specific embodiments of the present invention where a 
substrate is in addition to the porous structure with a number 
ofpores. According to the flow diagram: (1)Afirst materialis 
selected for pore formation. (2) Is a second material desired 
forpore formation? If not, proceed to step 7. (3) Ifso, choose 
a second material forpore patternformation. (4) Placesecond 
material on a substrate and first material on top of second 
material. (5) Form pores in first material and transfer pore 
pattern to second material which extend to the substrate. (6) 
Remove first material partially or fully if desired. Then go to 
step 9. (7) Place first material on a substrate with optional 
conductive layeradded. (8) Formpores in first material which 
extends to the substrate. (9) Will a catalyst be used for CVD 
carbon nanotube synthesis? (10) Ifyes, addcatalyst to bottom 
of pore or use predeposited catalyst. (11) If not, synthesize 
carbon nanotubes within pores. (12) Deposit nanowires on 
one end of the pores and extending partially through the 
pores. (13) Connect to substrate or any conductive layer on 
substrate to define one electrode. (14)Add another electrode 
to the top side of the structure. (15) Add one or more gate 
electrodes to the structure? (16) If yes, connect to gate or 
pattern and deposit gate, and etch into structure if desired. 
Proceed to 17. (17) If not, test and characterize device, and 
properly mount and package for end product. 
[0260] FIG. 24 is a schematic flow diagram of a transfer 
method forcarbon nanotube placement, according to specific 
embodiments of the present invention. According to the flow 
diagram: (1)Afirst materialisselected forpore formation. (2) 
Pores are formed on the first material. (3)Isa second material 
desired forpore formation? If not, proceed to step 5. (4) Ifso, 
transfer pore pattern to a second material. Then, remove part 
or all offirst material if needed. Proceed to step 5. (5) Char 
acterize pores in structure. (6) Open both ends of pores if 
needed. (7)Transfer carbon nanotubesto the pores by flowing 
a solution, suspension, polymer or other composite in or 
through the pores. (8)Verify that carbon nanotubes are depos 
ited within the pores. (9) Deposit nanowires on one end of the 
pores and extending partially through the pores. (10) Add a 
first electrode to one side of the structure connecting to mul 
tiple ones of the carbon nanotubes. (11)Add a second elec 
trode to the otherside of the structure connecting to multiple 
ones of the nanowires. (12)Add one or moregate electrodes 
to the structure? (13) If yes, connect to gate or pattern and 
deposit gate, etch into structure ifdesired. Proceed to 14. (14) 
If not, test and characterize device, and properly mount and 
package for end product. 
[0261] Other embodiments of the present invention are 
apparatuses or articles produced according to any method 
embodiment of the present invention or produced using any 
apparatus or article embodiment of the present invention. 
[0262] In an embodiment, the invention includes a method 
of making an electrical device, including (1) providing a 
structure that defines a number of pores; (2) depositing car 
bon nanotubes within at least some of the number of pores, 
where the diameter of the carbon nanotubes is less than the 
diameter of the pores; (3) depositingnanowires on oneside of 
at least some of the number of pores, where the nanowires 
extend partially through the pores and cover at least some 
portion of at least some of the carbon nanotubes; (4) provid 
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ing a first electrode on a first side of the structure connecting 
to multiple ones of the carbon nanotubes; and (5) providing a 
second electrode on a second (e.g., opposing) side of the 
structure connecting to multiple ones of the nanowires. 
[0263] The structure may include aluminum oxide, tita 
nium oxide, niobium oxide, tantalum oxide, zirconium oxide, 
or combinations of these. The structure may include silicon 
oxide, silicon nitride, yttrium oxide, lanthanum oxide, 
hafnium oxide, or combinations of these. The structure may 
include a metal, a semiconductor, an insulator, or combina 
tions of these. 
[0264] The number of pores may include pores which are 
continuous and substantially parallel to each other. The num 
ber of pores may include pores with diameters within the 
range of about 1 nanometer to about 200 nanometers. The 
number of pores may include pores with lengths in the range 
from about 10 nanometers to about 10 microns. The number 
ofpores may include pores with lengths ofgreater than about 
10 microns. 
[0265] Thestructure may have pore densities offrom about 
10°persquarecentimeterto about 10**persquarecentimeter. 
[0266] Anodization of a metal may be used to form the 
structure that includes the number of pores. This metal may 
include aluminum, titanium, niobium, tantalum, zirconium, 
or combinations of these. 
[0267] The structure with pores may be formed by dry 
etching. A mask may be used that includes a photoresist, ? 
metal, a metal oxide, silicon oxide, silicon nitride, or combi 
nations of these. 
[0268] At least a given percentage of pores may be known 
to contain carbon nanotubes. Each pore may contain zero, 
one, or multiple carbon nanotubes. The nanowires may be 
metallic or semiconducting. 
[0269] The nanowires may include silicon, germanium, 
gallium nitride, gallium arsenide, cadmium selenide, tin 
oxide, zincoxide, a III/V semiconductor, a II/VI semiconduc 
tor, a metal oxide, a metal, or combinations of these. The 
nanowires may have diameters that are approximately equal 
to the diameter of the pores. The nanowires may have diam 
eters that are less than the diameter of the pores. 
[0270] There may be at least onegate electrode added. The 
at least one gate may be used to modulate the electrical 
properties of the carbon nanotubes, nanowires, or both. 
[0271] The carbon nanotubes may be synthesized within 
the at least some of the number of pores. Chemical vapor 
deposition is one technique to synthesize the carbon nano 
tubes. An effective catalyst may be used to synthesize the 
carbon nanotubes. This catalyst may include Fe, Co, Ni, Mo, 
or combinations of these. The catalyst may be an alloy of Fe, 
Co, Ni, or ??. 
[0272] The carbon nanotubes may be transferred to the at 
least some of the number of pores. The carbon nanotubes, 
before being transferred to the pores, may have been synthe 
sized by chemical vapor deposition, arc-discharge, or laser 
ablation techniques. The carbon nanotubes may have been in 
solutions or suspensions for use in transfer to the structure. 
Thesolution orsuspension flowed into orthrough the pores in 
the structure and carbon nanotubes may be deposited within 
the pores. 
[0273] Unwanted carbon nanotubes, or portions of these, 
are destroyed, modified, or removed by chemical, mechani 
cal, or electrical techniques. 
[0274] A material may be added to fill in at least some 
portion of the open area within the pores. The filler material 
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may be usedtopassivate orprotect at least some portion of the 
carbon nanotubes or nanowires. 
[0275] In an embodiment, the invention is an electrical 
device including (1) a structure that defines a number of 
pores; (2) carbon nanotubes within at least some of the num 
ber of pores, where the diameter of the carbon nanotubes is 
less than the diameter of the pores; (3) nanowires on oneside 
ofat least some of the number of pores, where the nanowires 
extend partially through the pores and cover at least some 
portion of at least some of the carbon nanotubes; (4) a first 
electrode ona first side of thestructure connecting to multiple 
ones of the carbon nanotubes; and (5) a second electrode on a 
second (e.g., opposing) side of the structure connecting to 
multiple ones of the nanowires. 
[0276] A diode, rectifier, silicon controlled rectifier, or th? 
ristor may be formed, at least in part, according to a technique 
described in this patent. 
[0277] This description of the invention has been presented 
for the purposes of illustration and description. It is not 
intended to be exhaustive or to limit the invention to the 
precise form described, and many modifications and varia 
tions are possible in light of the teaching above. The embodi 
ments were chosen and described in order to best explain the 
principles of the invention and its practical applications. This 
description will enable others skilled in the art to best utilize 
and practice the invention in various embodiments and with 
various modifications as are suited to a particular use. The 
scope of the invention is defined by the following claims. 
The invention claimed is: 
1. ? device comprising: 
a structure comprising an upper surface and a plurality of 

vertical pores, extending from the upper surface to a 
depth position below the upper surface; 
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a plurality of single-walled carbon nanotubes, contained 
within at least a subset of the vertical pores; 

a first electrode region, electrically coupled to the single 
walled carbon nanotubesata first depth position relative 
to the upper surface; 

a second electrode region, electrically coupled the single 
walled carbon nanotubesata second depth position rela 
tive to the upper surface, wherein thesecond depth posi 
tion is below the first depth position: 

a first gate electrode region, extending vertically along a 
side of the carbon nanotubes between third and fourth 
depth positions relative to the uppersurface, wherein the 
fourth depth position is between the first and second 
depth positions; and 

a secondgate electrode region, extending vertically alonga 
side of the carbon nanotubes between fifth and si?th 
vertical depth positions relative to the upper surface, 
wherein the si?th depth position is between the firstand 
second vertical positions, and between the first and sec 
ondgate electrode regions are at least two single-walled 
carbon nanotubes. 

2. The device of claim 1 wherein the first, third, and fifth 
vertical depth positions are at the upper surface. 

3. The device of claim 1 wherein the third and fifth vertical 
depth positions are below the first depth position. 

4. The device of claim 1 wherein the third and fifth vertical 
depth positions are below the upper surface. 

5. The device of claim 1 wherein fourth and si?th depth 
positions are at about the same depth position relative to the 
uppersurface. 


