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(7) ABSTRACT

Nanoelectromechanical switch systems (NEMSS) are pro-
vided that utilize the mechanical manipulation of nanotubes.
Such NEMSS may realize the functionality of, for example,
automatic switches, adjustable diodes, amplifiers, inverters,
variable resistors, pulse position modulators (PPMs), and
transistors. In one embodiment, a nanotube is anchored at
one end to a base member and coupled to a voltage source
that creates an electric charge at the tip of the nanotube’s
free-moving-end This free-moving end may be electrically
controlled by applying an additional electric charge, having

933

(21) Appl. No.: 10/453,783
the same (repelling) or opposite (attracting) polarity as the
(22) Filed: Jun. 2, 2003 nanotube, to a nearby charge member layer. A contact layer
is located in the proximity of the free-moving end such that
Publication Classification when a particular electric charge is provided to the nanotube
(or charge member layer), the nanotube electrically couples
(51) Int. CL7 oo HO1L 29/82; HO1L 21/00 with the contact layer.
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NANOELECTROMECHANICAL TRANSISTORS
AND SWITCH SYSTEMS

BACKGROUND OF THE INVENTION

[0001] The present invention relates to nanoelectrome-
chanical (NEM) switch systems and transistors. In particu-
lar, the present invention relates to NEMSS that can be
utilized as traditional electrical components such as, for
example, transistors, amplifiers, adjustable diodes, inverters,
memory cells, pulse position modulators (PPMs), variable
resistors, and switching systems.

[0002] As designs for metal-oxide semiconductor field
effect transistors (MOSFETs) become more compact and
approach the minimum theoretical sizing limitations for a
MOSFET, the need for technologies that can produce
smaller transistor structures becomes apparent. It is there-
fore desirable to fabricate a transistor that can be sized
smaller than a transistor fabricated at the minimum theo-
retical size of a MOSFET. By decreasing a transistor’s size,
the number of transistors that may be placed on an integrated
circuit increases. As a result, circuit complexity increases,
speed increases, and the circuit’s operating power decreases.

[0003] Microelectromechanical systems (MEMS) and
NEMSS that are structured around nanotubes have been
developed. Such systems are described, for example, in
commonly assigned copending U.S. patent application Ser.
No. 09/885,367 to Pinkerton that was filed on Jun. 20, 2001.
Looking at FIG. 11 of this application, a novel power
generator that utilizes a nanotube immersed in a working
fluid to generate electrical power from the Kkinetic and
thermal characteristics of a working substance is illustrated.
As shown by the application, nanotubes can be fabricated at
extremely small sizes (e.g., 1 nanometer) and their charac-
teristics (e.g., elasticity and conductivity) may be utilized in
many different ways. It is therefore desirable to realize
nanotube-based transistors that can be fabricated to have
sizing limitations roughly equivalent to the size of a single
nanotube.

[0004] Sizing limitations are not the only limitations that
affect the performance characteristics and utility of a tradi-
tional MOSFET. For example, traditional MOSFETs have
minimum turn-ON voltages (e.g., 0.7 volts). Thus, miniscule
voltage signals (e.g., 0.00001 volts) cannot be utilized to
turn on conventional MOSFETs. Numerous applications
exist in which there is a need for transistors with small
turn-ON voltages. For example, applications in which faint
signals, such as thermal or electromagnetic noise signals,
need to be recognized would benefit from transistors with
extremely low turn-ON. It is therefore desirable to realize a
transistor structure with a very low turn-ON voltage.

[0005] Additionally, traditional MOSFETs exhibit linear
output characteristics. More particularly, traditional MOS-
FETs may be configured to provide an output (e.g., emitter
current) that is continuous and has a linear gain dependent
upon an input (e.g., base current). Applications exist in
which the need for devices that can convert continuous
signals to digital signals is present such as in pulse position
modulation. However, traditional pulse position modulators
are currently bulky because they require circuits that contain
multiple instances of traditional MOSFET transistors. It is
therefore desirable to fabricate a single NEM transistor that
can function as a pulse position modulator.
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SUMMARY OF THE INVENTION

[0006] Tt is an object of the present invention to fabricate
NEMSS which are based upon the manipulation of electri-
cally conductive and mechanically flexible nanometer-scale
beams such as, for example, nanotubes or nano-wires. These
NEMSS can employed as, for example, transistors, ampli-
fiers, variable resistors, adjustable diodes, inverters, memory
cells, PPMs, and automatic switches.

[0007] In one embodiment of the present invention, a
carbon nanotube is anchored at one end to an electrical
contact. The opposite end of this nanotube, however, is
unattached and free to move. By inflicting an electric field
on the nanotube when it carries an electric charge, the
position and oscillation of the free-moving end of the
nanotube can be controlled (e.g., by either repelling or
attracting the nanotube).

[0008] Manipulating the location of the free-moving end
of such a nanotube can be utilized to realize many electrical
components. For example, a transistor may be realized by
configuring the nanotube such that when an appropriate
electric field is applied to the nanotube (e.g., a minimum
base or gate threshold voltage), the free moving end of the
nanotube couples to an electrical contact (e.g., an emitter or
drain terminal). Thus, if the anchored end of the nanotube is
also coupled to an electrical contact (e.g., collector or source
terminal) current may flow through the nanotube when the
threshold voltage is met.

[0009] Appropriate magnetic fields may also be applied to
a partially anchored nanotube of the present invention. In
doing so, the free-moving end of the nanotube may be held
in contact, as a result of the magnetic field, with an electrical
contact (e.g., emitter or drain contact) when current is
flowing through the nanotube. The basic structure of a NEM
transistor of the present invention can also be configured,
utilized, or adjusted to provide the functionality of, for
example, amplifiers, adjustable diodes, inverters, memory
cells, PPMs, and automatic switches.

[0010] Additionally, a nanotube-based NEM transistor of
the present invention has a very low minimum turn-ON
voltage. Thus, miniscule voltage signals such as, for
example, Johnson noise signals, may be sensed and manipu-
lated. By adjusting, for example, the charge, length, width,
temperature, and elevation of a nanotube, a minimum turn-
ON voltage may by included in a particular embodiment of
the present invention.

[0011] Nanotube-based NEM transistors of the present
invention can also function as pulse position modulators.
More particularly, if a strong magnetic field is not applied to
a NEM transistor of the present invention then the free-
moving end of the nanotube will couple to an emitter
terminal at a rate dependent upon the intensity of the electric
field created by the base terminal in combination with the
charge density of the nanotube. As the intensity of the
electric field created by the base terminal increases, so does
the number of contacts per unit of time that will occur
between the nanotube and the emitter contact. Thus, a PPM
can be realized such that any analog signal applied to the
base terminal of a NEM transistor of the present invention
is converted to a digital signal, representative of the original
signal applied to the base terminal, at the collector terminal.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The above and other objects and advantages of the
present invention will be apparent upon consideration of the
following detailed description, taken in conjunction with
accompanying drawings, in which like reference characters
refer to like parts throughout, and in which:

[0013] FIG. 1 is a circuit schematic of a nanometer-scale
transistor constructed in accordance with the principles of
the present invention;

[0014] FIG. 2 is another circuit schematic of a nanometer-
scale transistor constructed in accordance with the principles
of the present invention;

[0015] FIG. 3 is a perspective view of one embodiment of
a nanometer-scale transistor of FIG. 1,

[0016] FIG. 4 is another perspective view of one embodi-
ment of a nanometer-scale transistor of FIG. 1;

[0017] FIG. 5 is yet another perspective view of one
embodiment of a nanometer-scale transistor of FIG. 1;

[0018] FIG. 6 is a perspective view of a nanometer-scale
dual-gate transistor constructed in accordance with the prin-
ciples of the present invention;

[0019] FIG. 7 is a circuit schematic of a nanometer-scale
inverter constructed in accordance with the principles of the
present invention;

[0020] FIG. 8 is a perspective view of one embodiment of
a nanometer-scale inverter of FIG. 7; and

[0021] FIGS. 9A-9F are sectional views of process steps
used in the fabrication of a nanometer-scale electrical-
mechanical system constructed in accordance with the prin-
ciples of the present invention;

[0022] FIG. 10 is a perspective view of one embodiment
of a nanometer-scale transistor of FIG. 1; and

[0023] FIG. 11 is a perspective view of one embodiment
of a nanometer-scale transistor of FIG. 1.

DETAILED DESCRIPTION OF THE DRAWINGS

[0024] Turning first to FIG. 1, NEM system 100 is illus-
trated. System 100 is defined by charge member layer 122
along with contacts 141, and 142. Generally, nanometer-
scale beam 111 couples contact 141 to contact 142 depen-
dent upon the signals supplied by charge member 122. More
particularly, nanometer-scale beam 111 may mechanically
bend and electrically couple to contact 142 at a rate depen-
dent upon the voltages applied to contacts 141 and 121.

[0025] System 100 may be, for example, a transistor such
that charge member 122 is the base terminal, contact 141 is
the collector terminal, and contact 142 is the emitter terminal
of the transistor. Additionally, the functionality of contact
142 as an emitter terminal may easily be interchanged with
the functionality of contact 141 as a collector terminal. In
this manner, contact 141 may be an emitter terminal of NEM
system 100 while contact 142 may be a collector terminal of
NEM system 100. Furthermore, the terms collector, emitter,
and base terminals do not limit the functionality of a NEM
transistor constructed in accordance with the principles of
the present invention to model only the functionality of a
bi-polar junction transistor (BJT). The collector, emitter and
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base terminals of NEM system 100 can also be utilized as
source, drain, and gate terminals. Such terms are commonly
used to model the functionality of a MOSFET. However, the
terminals of a NEM transistor constructed in accordance
with the principles of the present invention are not limited to
a functionality appreciated by a BJT or MOSFET. In this
manner, functionality not included in a BJT or MOSFET
may be realized and employed by a NEM transistor con-
structed in accordance with the principles of the present
invention. Such alternative functionality, and any modifica-
tions needed to realize such functionality, will become
apparent by the detailed description that follows.

[0026] Particularly, nanometer-scale beam 111 preferably
has either a positive or negative charge such that the signals
supplied by charge member 122 either repels nanometer-
scale beam 111 to position 112 or attracts nanometer-scale
beam 111 to position 113. In those instances when nanom-
eter-scale beam 111 is attracted to position 113 by attracting
signals from charge member 122, nanometer-scale beam 111
electrically couples to contact 142.

[0027] In one preferred embodiment, nanometer-scale
beam 111 is a positively charged nanotube that couples to
contact 142 when the negative charge intensity of charge
member 122 increases as a result of an increase in voltage
to charge member 122. In such an embodiment, charge
member 122 is a negatively charged dielectric located
beneath contact 142 where a higher voltage supplied to
charge member 122 results in a higher negative charge
density. A more detailed description of a nanotube-based
transistor is provided below with the description of transistor
300 of FIG. 3.

[0028] Persons skilled in the art will appreciate that
nanometer-scale beam 111 may be a structure other than a
carbon nanotube. In this manner, nanometer-scale beam 111
may be embodied by any nanometer-scale member that is
mechanically flexible and electrically conductive. For
example, nanometer-scale beam 111 may also be a nanom-
eter-scale wire.

[0029] The amount of charge on charge member 122 may
be controlled by, for example, an AC or DC voltage supply
source 121. Additionally, contact 141 may be coupled to
source voltage 131 such that a voltage is applied to nanom-
eter-scale beam 111 and a current flows across nanometer-
scale beam 111 when nanometer-scale beam 111 closes (e.g.,
electrically couples with contact 142). To complete the
circuit of NEMS system 100, resistor 132 is optionally
included and separates contact 142 from source voltage 131.

[0030] Persons skilled in the art will appreciate that in
preferred embodiments of NEM system 100, voltage source
121 creates an electric field at charge member 122 that
mechanically manipulates nanometer-scale beam 111. The
polarity and intensity of this electric field, along with the
charge profile and polarity of nanometer-scale beam 111 can
be adjusted to manipulate the functionality of NEMS system
100.

[0031] When no static charge is placed on base charge
member 122 (e.g., there is no electric field near nanometer-
scale beam 111), nanometer-scale beam 111 will preferably
still vibrate at a mechanical frequency that is in the MHz
range within positions 112 and 113 due to thermal vibra-
tions. Occasionally, these vibrations will allow nanometer-
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scale beam 111 to touch contact 142 (e.g., once per hour). As
introduced above, if a negative static charge is placed on
charge member 122 and nanometer-scale beam 111, for
example, gains a positive charge by voltage source 131,
nanometer-scale beam 111 may connect to emitter contact
142 more frequently (e.g., once per millisecond).

[0032] However, if the voltage at contact 141 is positive
then nanometer-scale beam 111 will take on a positive
charge. If voltage 121 is also a positive voltage then nano-
tube 111 will rarely come into contact with contact 142 (e.g.,
once per year). In one embodiment, the signal applied to
contact 142 may be averaged over a period of time such that
an operational transistor is realized.

[0033] Depending on the application, it may be beneficial
to hold nanometer-scale beam 111 in electrical contact with
contact 142 such that the signal at contact 142 does not lose
strength (e.g., the signal is not averaged). Thus, NEMS
system 100 may be placed in a magnetic field such as

magnetic field (®B) 171. Magnetic field 171 can be utilized
to create a Lorentz force around nanometer-scale beam 111
such that nanometer-scale beam 111 will stay electrically
coupled to contact 142 as long as current flows through
nanometer-scale beam 111.

[0034] Persons skilled in the art will appreciate that volt-
age source 131 may be a thermally-induced voltage. For
example, voltage source 131 may be the Johnson noise of
resistor 132. Inductor 133 may also be included in NEMS
system 100 and configured to be in a series connection with
resistor 132. As a result, if current flowing through inductor
133 changes then inductor 133 may “fight” the current
change by providing a back electromotive field voltage. In
this manner, inductor 133 may be utilized to smooth out
current pulses provided when nanometer-scale beam 111
electrically couples contact 142.

[0035] Additionally, multiple instances of NEMS system
100 may be placed in an array such as a common-base array
constructed in a parallel configuration. An example of such
an array is included in array 400 of FIG. 4. This array’s
output signal stability and strength increases as more nano-
tubes are included in the array because the number of
contacts between a single nanometer-scale beam and contact
142 increases.

[0036] Persons skilled in the art will appreciate that tem-
perature and thermal vibrations may be utilized in NEMS
system 100. For example, if nanometer-scale beam 111 is a
carbon nanotube (CNT) then the free-moving end of nanom-
eter-scale beam 111 may oscillate at different frequencies
depending upon its temperature. In this manner, NEMS
system 100 may actually be controlled by a temperature in
conjunction with an electric field. Similarly, NEMS system
100 may be utilized as a temperature sensing device by
measuring the number of times that nanometer-scale beam
111 contacts emitter contact 142 per period of time. If only
temperature was manipulating nanometer-scale beam 111, a
large number of contacts per period preferably indicates that
nanometer-scale beam 111 was subjected to a high tempera-
ture during that period. Thermal vibrations can also be
utilized to allow NEMS system 100 to have a zero voltage
minimum turn-ON voltage. For example, if zero voltage is
present at voltage source 121 then nanometer-scale beam
111 will still occasionally electrically couple with contact
142 due to the thermal vibrations of NEMS system 100.
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[0037] Similar to utilizing thermal characteristics of
NEMS system 100, optical devices may also be advanta-
geously employed. For example, charge member 122 and
voltage source 121 may be replaced by a lens and/or a light
source. By focusing or introducing light onto nanometer-
scale beam 111 that bends nanometer-scale beam 111, the
rate of contacts between nanometer-scale beam 111 and
contact 142 may be altered. Once again, introducing mag-
netic field 171 to such a transistor allows nanometer-scale
beam 111 to maintain contact with contact 142 while current
is flowing through nanometer-scale beam ill. Thus, the
contact rate of nanometer-scale beam 111 may be manipu-
lated by a variety of means. As shown above, light and
temperature are two conditions that may be utilized to
control and manipulate the contact rate of nanometer-scale
beam 111 with contact 142. Similarly, other conditions such
as magnetic and electric fields may be applied to nanometer-
scale beam 111 to affect this contact rate. Moreover, NEM
system 100 may be employed as, for example, a tempera-
ture, light, magnetic field, or electric field sensor by deter-
mining the contact rate and associating it to a particular
condition intensity. To isolate a particular condition (e.g.,
light) from another condition (e.g., temperature), additional
sensors may be utilized to correct for the sensing of the
unwanted condition.

[0038] Persons skilled in the art will appreciate that mag-
netic field 171 is not the only technique that can be
employed to maintain contact between nanometer-scale
beam 111 and contact 142. For example, Van Der Wall forces
may be utilized in NEMS system 100 to create a temporary
bond between nanometer-scale beam 111 and contact 142.

[0039] Temporary bonds that are created between nanom-
eter-scale beam 111 and contact 142 may be broken by
procedures other than stopping current flow through nanom-
eter-scale beam 111. For example, a voltage of the same
polarity as the charge of nanometer-scale beam 111 may be
applied to charge member 122 to overcome any Lorentz
forces created by magnetic field 171. Furthermore, magnetic
field 171 may simply be turned off or adjusted. Preferably,
the electric field originally applied near nanometer-scale
beam 111, via charge member 122, that caused nanometer-
scale beam 111 to electrically couple with contact 142 may
simply be turned off (e.g., given a zero voltage) such that the
natural spring force of nanometer-scale beam 111 (or the
thermal vibrations of nanotube 111) overcomes the Lorentz
force caused by magnetic field 171. If nanometer-scale beam
111 is employed as a nanotube then this nanotube could be
filled with different materials in order to manipulate the
properties of the nanotube. For example, carbon nanotubes
will have a lowered electrical resistance when filled with
alkali metals such as, for example, sodium, lithium, or
potassium.

[0040] FIG. 2 shows NEMS system 200 that includes
nanometer-scale beam 211. Preferably, nanometer-scale
beam 211 is both mechanically flexible and electrically
conductive. Persons skilled in the art will appreciate that
NEMS system 200 can be implemented on the micro-meter
scale and, as a result, be configured as a microelectrome-
chanical (MEM) system.

[0041] Nanometer-scale beam 211 may be, for example, a
nanotube, nanometer-scale tube, group of bonded mol-
ecules, nano-wire, or an electrically conductive filament. As
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shown, nanometer-scale beam 211 is anchored at anchor
point 215. Thus, anchor point 215 provides stability to one
end of nanometer-scale beam 211 such that nanometer-scale
beam 211 can flex between positions 212 and 213.

[0042] Preferably, mechanical stress is placed on nanom-
eter-scale beam 211 as follows. Voltage source 220 is
electrically coupled to nanotube 211 and can be, for
example, either an AC or DC voltage signal. In this manner,
electric charge 214 is applied to nanometer-scale beam 211
that is proportional to voltage source 220. Electrostatic
forces can then introduce mechanical stress in nanometer-
scale beam 211 and cause nanometer-scale beam 211 to flex.
More particularly, if electric charge 231 is placed within the
proximity of nanometer-scale beam 211 and electric charge
231 has the same polarity as electric charge 214 then
nanometer-scale beam will preferably repel from electric
charge 231. Similarly, if electric charge 231 is placed within
the proximity of nanometer-scale beam 211 and electric
charge 231 has a polarity that is opposite to the polarity of
electric charge 214 then electrostatic forces will attract
nanotube 211 to electric charge 231.

[0043] Electric charge 231 may be provided by voltage
source 230 which may be, for example, an AC or DC voltage
signal. Electrical contacts 243 and 242 may be placed within
the region that nanometer-scale beam 211 can displace to. In
this manner, voltage source 230 and voltage source 220 may
influence the rate at which nanometer scale beam 211
electrically couples to electrical contacts 243 and 242.

[0044] Voltage source 230 (or voltage source 220) can also
manipulate the frequency at which nanometer scale beam
211 contacts an electrical contact (e.g., electrical contacts
243 and/or 242). Output signals 253 and 252 may be
obtained from contacts 243 and 242 respectively.

[0045] Light source 271 may be employed in NEMS
system 200 to affect the contact rate between nanometer-
scale beam 211 and an electrical contact (e.g., electrical
contacts 243 and/or 242). As a result, NEMS system 200
may provide a system that converts light signals into elec-
trical signals. Additionally, the contact rate between nanom-
eter-scale beam 211 and an electrical contact will increase as
the temperature of nanometer-scale beam 211 increases. In
this manner, light source 271 may work in conjunction with
a heat source. Even a low grade heat source (e.g., body heat)
may be sufficient to provide a significant amount of heat to
nanometer-scale beam 211. Thus, thermal motion of nanom-
eter-scale beam 211 provides natural commutation events
for a switch. The mechanical frequency of nanometer-scale
beam 211 may be configured to be analogous to the switch-
ing frequency of a conventional switching circuit. Changing
the intensity of the light/heat source, electric charge profile
214, mechanical attributes of nanometer-scale beam 211, or
electric charge 231 will preferably change the switching
characteristics.

[0046] Persons skilled in the art will appreciate that if a
light source is included in NEMS system 200 then voltage
source 230 does not have to be included in NEMS system
200. For example, voltage source 230 may be removed and
replaced by light source 271. Input signals may then be
applied as light signals. Depending on these signals, nanom-
eter-scale beam 211 will switch differently with an electrical
contact (e.g., electrical contacts 243 and/or 242). In this
manner, output signals (e.g., output signals 253 and 252) of
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such an embodiment are representative of the input signals
from light source 271. If voltage source 220 is large enough,
then these output signals are not only electrical representa-
tions of the light signal but are also amplified signals.

[0047] Persons skilled in the art will also appreciate that
voltage source 220 may be a relatively HIGH DC voltage
source (e.g., approximately 1-5 volts) and voltage source
230 may be a relatively LOW input voltage signal (e.g. 1-5
microvolts). Conversely, voltage source 220 may be a rela-
tively LOW input voltage signal while voltage source 230 is
arelatively HIGH DC voltage source. In this manner, a weak
input signal may be amplified such that an amplified signal
is produced at, for example, electrical contacts 243 and 242.

[0048] Persons skilled in the art will appreciate that mul-
tiple instances of the NEMS system 200 may be arrayed
together. For example, a billion such systems may be
arrayed, in parallel, within a square centimeter. If each
nanometer-scale beam is 1000 ohms then the minimum ON
resistance (ignoring the resistance between the nanometer-
scale beam and contacts 242 and/or 243) would be roughly
1 micro-ohm. Thus, the resistive losses when conducting
1000 amperes of current would be a single watt (a conven-
tional state-of-the-art insulated gate bipolar transistor would
dissipate at least hundreds of watts when conducting 1000
amperes of current). As a result, the above array could be
employed in high power applications. Turning on half of
such switches would double the resistance while turning ON
a quarter of the switches would increase the resistance by a
factor of four (and so on). Thus, the array could be imple-
mented as a variable resistor that is nearly perfectly linear
and adjustable in, as introduced above, a billion steps. The
speed of such an array would also beneficially be able to turn
ON and OFF in mere fractions of a micro-second.

[0049] FIG. 3 shows NEM transistor 300 that is con-
structed to include nanotube 311 as a switching mechanism.
Transistor 300 is similar to NEMS system 100 of FIG. 1
such that the general functionality of the components of
NEMS system 100 of FIG. 1 are generally modeled by the
components of transistor 300. For example, nanometer-scale
beam 100 of FIG. 1 is embodied in transistor 300 as
nanotube 311. Base charge member 122 of FIG. 1 is
embodied in transistor 300 as charge member layer 322.
Furthermore, emitter contact 142 and collector contact 141
of FIG. 1 are embodied in transistor 300 as emitter contact
layer 342 and collector contact layer 341, respectively.

[0050] Nanotube 311 may be said to be in a closed position
(e.g., position 313) when nanotube 311 electrically couples
collector contact layer 341 to emitter contact layer 342.
Persons skilled in the art will appreciate that nanotube 311
may have electrical interactions with emitter contact layer
342 even when nanotube 311 is close to, but not physically
touching, emitter contact layer 342. Nanotube 311 may be
said to be in an open position when nanotube 311 does not
electrically couple collector contact layer 341 to emitter
contact layer 342 (e.g., position 312).

[0051] Preferably, nanotube 311 is in a closed position
when the negative charge at charge member 322 is high
enough to attract the positively charged nanotube 311
toward charge member layer 322 to a point where collector
contact layer 341 electrically couples to emitter terminal
342. Persons skilled in the art will appreciate that the charge
of nanotube 311 is affected by the voltage of collector
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contact layer 341 to an extent where changing the voltage
applied to collector contact layer 341 causes nanotube 311 to
electrically couple with emitter contact layer 342. Thus, both
the values of the voltages applied to charge member layer
322 and collector contact layer 341 need to be considered
when designing transistor 300 to meet specific switching
characteristics. Isolation layer 352 is provided such that the
voltage on charge member 322 does not leak into emitter
contact layer 342.

[0052] Persons skilled in the art will appreciate that the
voltage applied to charge member layer 322 (the base or gate
terminal of transistor 300) does not have to be a DC voltage.
In this manner, an AC voltage source may be utilized to
supply voltage to charge member layer 322 and control the
operation of transistor 300.

[0053] Additionally, one end of nanotube 311 may be
attached to collector contact layer 341 by nanotube retainer
member 361. Variably, nanotube 311 may be grown onto
collector contact layer 341 as shown in optional configura-
tion 381 in which nanotube 383 is selectively grown onto
conductive layer 382. In optional configuration 381, nano-
tube 383 is preferably self-attached to conductive layer 382.

[0054] Persons skilled in the art will appreciate that NEM
transistor 300 may be manipulated by external magnetic
field (B) 371. Introducing a magnetic field upon transistor
300 may cause, for example, nanotube 311 to remain in a
closed position when current is flowing from collector
contact 341 to emitter contact 342. Persons skilled in the art
will appreciate that motion of nanotube 311 in the presence
of magnetic field 371 induces an electric field along the
length of nanotube 311. This electric field affects current
flow through nanotube 311 when nanotube 311 is in motion.
In this manner, magnetic field (B) 371 introduces a gain
factor to transistor 300.

[0055] Persons skilled in the art will appreciate that in
creating a temporary bond between nanotube 311 and emit-
ter contact layer 342 by magnetic field 371 that NEM
transistor 300 performs more like a traditional MOSFET.
Without magnetic field 371, or a different bonding instru-
ment, nanotube 311 will generally contact emitter contact
layer 342 intermittently and at a rate dependent upon the
intensity of the electric field created by charge member layer
322, the temperature of nanotube 311, and other factors of
transistor 300. As mentioned, this contact rate, or contact
frequency, can be utilized to realize the functionality of a
PPM and an analog-to-digital converter. Persons skilled in
the art will appreciate that by including a bonding instru-
ment to transistor 311 (e.g., magnetic field 371 created by a
magnetic field generator), transistor 300 may be utilized as
a traditional MOSFET in that if a continuous electric field is
supplied by charge member layer 322, a continuous output
will preferably be supplied at emitter contact layer 342.

[0056] Persons skilled in the art will appreciate that the
Lorentz forces about nanotube 311, when current is flowing
through nanotube 311, may be strong enough to keep
nanotube 311 in position 313 even after an appropriate
attracting voltage source is removed from terminal 321. As
mentioned above, nanotube 311 may be made to “pop off”
(e.g., return substantially to a resting location) of emitter
contact layer 342. Reiterating, such procedures could
involve, for example, reversing the polarity of the electric
field created by charge member layer 322 or removing/
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reducing magnetic field 371 from transistor 300. However,
designs can be fabricated to configure nanotube 311 such
that nanotube 311 naturally “pops off” emitter contact layer
342. For example, nanotube 311 may be placed a particular
distance above emitter contact layer 342 such that when an
appropriate attracting electric field is removed from emitter
contact layer 322, the elasticity and spring constant of
nanotube 311 naturally overcomes the Lorentz forces cre-
ated by magnetic field 371. Additionally, emitter contact
layer 342 may actually be the collector of transistor 300
while collector terminal 341 has the functionality of an
emitter terminal.

[0057] Transistor 300 may utilize system or device char-
acteristics to boost weak signals. As per one example, the
voltage applied to charge member layer 322 may be adjusted
so that a known number of contacts occur between nanotube
311 and emitter terminal 342 when no signal is present at
collector terminal 341 except for the Johnson noise of the
circuit. A weak signal may then be superimposed on this
thermal voltage that will produce a measurable increase in
the number of contacts per unit of time between nanotube
311 and emitter terminal 342. The Johnson noise of the
circuit may then be averaged out of the signal, leaving only
the weak signal. Particularly, an array of nanotube 311
amplifiers configured in parallel with a common base would
average out the Johnson noise of the signal. As a result, weak
signals can be detected and transistor 300 may be employed
as an amplifier.

[0058] Stated another way, a weak signal can be applied to
charge member layer 322. A relatively HIGH voltage source
(e.g., 3 volts) may be applied to collector contact layer 341
such that when nanotube 311 couples to emitter contact layer
342 in response to weak signals applied to charge member
layer 322, the voltage of collector terminal 341 will be
applied to emitter terminal 342. If emitter contact layer 342
is the output signal of the amplification operation of tran-
sistor 300, than the amplification gain would be approxi-
mately equal to V;,,/V5,, when nanotube 311 is in a closed
position. The voltage values at emitter contact layer 341 may
than be averaged together over a period of time so that
different input signals applied to charge member 322 may be
distinguished by the number of times a closed circuit is
formed (because a higher voltage at charge member layer
322 will result in more closed circuit instances over a set
period of time). Persons skilled in the art will appreciate that,
in the above amplification method, the linearity between the
number of closed circuit contacts and the magnitude of the
input signal applied to charge member layer 322 is important
if the amplified signals at emitter contact layer 342 are to be
representative of the input signals. Alternatively, a charge
may be placed on charge member layer 322 and weak
signals may be detected at collector contact layer 341.
Persons skilled in the art will appreciate that nanotubes may
be employed as contact layers (for example in place of
contact layer 342) of NEM transistor 300 in order to improve
the wear characteristics of NEM transistor 300.

[0059] Additionally, the greater the number of closed
circuits that occur in NEM transistor 300 over a set period
of time, the larger the average voltage of emitter contact
layer 342 will be for a set voltage at collector contact layer
341. Thus, the average voltage of emitter contact layer 342
over a period of time can be utilized to be representative of
the weak input signals applied to charge member layer 322.
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The maximum amplified output voltage of such a design
would be roughly equivalent to the voltage applied to
collector contact layer 341. Alternatively, the number of
contacts (e.g. the rate or frequency of contacts) can be
measured and utilized to determine the input signals applied
to charge member layer 322.

[0060] Transistor 300 may also be employed as an adjust-
able diode. In this embodiment, magnetic field (B) 371 is
required. If voltage source 331 is a voltage signal with an
alternating polarity and the voltage supplied to charge mem-
ber layer 322 is held constant, transistor 300 will only allow
current to flow when nanotube 311 is at a certain polarity.
Once current is flowing in a certain direction through
nanotube 311, magnetic field 371 will create a Lorentz force
that holds the current conducting nanotube 311 in a closed
position (e.g., nanotube 311 will be coupled to emitter
contact layer 342). Now, when the polarity of the current
through nanotube 311 reverses, magnetic field 371, in con-
junction with reversed current of nanotube 311, will cause
nanotube 311 to be in an open position (e.g. nanotube 311
will not be electrically coupled to emitter terminal 342). As
a result, a diode functionality is realized. More specifically,
a half-wave rectifier is realized in transistor 300. Persons
skilled in the art will appreciate that the half-wave rectifier
functionality of transistor 300 may be utilized to create a
full-wave rectifier as well as various other diode circuits.

[0061] When transistor 300 is employed as a diode, the
forward voltage drop of the diode may be lower than a
conventional diode. This is because the forward voltage drop
of a diode constructed from transistor 300 is approximately
equal to the contact resistance between nanotube 311 and
emitter contact layer 342 and the resistance of nanotube 311.
A diode constructed from transistor 300 also has an
extremely high efficiency because the diode is either in an
ON or OFF state. Persons skilled in the art will appreciate
that the forward voltage drop of transistor 300 can be
reduced by placing multiple instances of transistors 300 in a
parallel configuration. A diode realized by transistor 300
may be an adjustable diode in that the polarity of the diode
may be changed by reversing the polarity of charge member
layer 322 and magnetic field 371. Furthermore, the mini-
mum required voltage of source voltage 331 may be
adjusted by changing base voltage 321 to control the flow of
current through nanotube 311. Similarly, magnetic field 371
may be adjusted.

[0062] As discussed above, the contact frequency of nano-
tube 311 with emitter contact layer 342 may be, for example,
any thermally induced contact frequency modulated by the
magnitude of the charge density on charge member 322 and
nanotube 311. Yet, this contact frequency may be modulated
by different means and mechanisms. For example, the
contact frequency may be modulated optically. For example,
light from a light emitting diode (LED), laser, or the sun may
be focused on nanotube 311. By adjusting the light intensity
impinging nanotube 311, current through nanotube 311 will
increase, or decrease, for a given voltage applied to collector
contact layer 341 because the light bends nanotube 311
toward, or away from, emitter contact 342. If the source of
light is directed at nanotube 311 at a certain angle, current
through nanotube 311 will increase because the amount of
times that nanotube 311 couples to emitter terminal 341 will
increase as light intensity incident to nanotube 311
increases.
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[0063] Persons skilled in the art will appreciate that if
charge member layer 322 remains negatively charged and
the voltage of collector contact layer 341 produces a nega-
tive charge on nanotube 311 than nanotube 311 preferably
will never, or at least rarely, contact emitter terminal 342. In
this manner, if the charges between nanotube 311 and charge
member layer 322 are the same (e.g., both are negative or
positive) than nanotube 311 will repel from charge member
layer 322. If the polarities of the charge profiles of nanotube
311 and charge member layer 322 are opposite then nano-
tube 311 will preferably be attracted to charge member layer
322. Thus, nanotube 311 may either have a negative or
positive charge and still achieve the operation of a transistor.

[0064] Persons skilled in the art will appreciate that the
contact layers of transistor 300 are preferably fabricated
from a conductive material such as a metal layer. To mini-
mize wear, however, these contact layers may also include,
for example, stationary nanotubes. Persons skilled in the art
will also appreciate that the isolation layers of transistor 300
are preferably fabricated from a non-conductive material
such as an oxide layer.

[0065] Base 393 may be included in transistor 393 in order
to provide a structure on which the rest of the components
of transistor 300 may be, for example, grown, laid, sput-
tered, etched, or placed. Base 393 may be, for example, a
layer of silicon. Generally, a mounting assembly fixes a
portion of nanotube 311 to base 393. This mounting assem-
bly may include multiple components of transistor 300 as
well as components not shown in transistor 300. For
example, the mounting assembly may include contact layer
341 and isolation layer 352. Alternatively, isolation layer
352 may extend from base 393 and form the mounting
assembly or contact layer 341 may fix nanotube 311 directly
to base 393. Thus, the mounting assembly can take on
numerous forms while still retaining the principle of fixing
a portion of nanotube 311 such that the fixed portion only
moves with respect to movement of base 393.

[0066] Sense circuitry 391 may be provided to sense
electrical signals at contact 342. Sense circuitry 391 may, for
example, determine the rate of contact between nanotube
311 and contact 342. Control circuitry 392 may be provided
to provide electrical signals to charge member layer 322 or
contact 341. For example, control circuitry 392 may selec-
tively provide voltage source 331 to contact 341 and voltage
source 321 to charge member layer 322. Control circuitry
392 may also control the polarity and intensity of any
provided signals. Persons skilled in the art will appreciate
that control circuitry 392 and sense circuitry 391 may be
coupled to other components of transistor 300. For example,
sense circuitry 391 may be coupled to contact 341 to sense
electrical signals at contact 341 while control circuitry 392
may be coupled to contact 342 to provide electrical signals
to contact 342. Such a configuration may used, for example,
when light is used to change the contact rate between
nanotube 311 and contact 342. When light is used to change
the contact rate, charge member layer 322 is not needed.
Moreover, charge member layer 322 may not be needed in
a diode implementation. For example, if a large enough
charge was applied to contact 342 then an oppositely
charged nanotube 311 may electrically couple to contact 342
without the electrostatic forces supplied by charge member
layer 322. In this diode embodiment, the turn-ON voltage






