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TABLE 1: DEPENDENCE OF Vth AND PVR ON C-SiO-SiC NANOCABLE CHANNEL LENGTH 

NANOCABLE NEGATIVE BIAS POSITIVE BIAS NEGATIVE POSITIVE CHANNEL LENGTH 
(/-lm) Vth (V) Vth (V) BIAS PVR BIAS PVR 

3.5 -9.6 +10.4 6000 1.7 x 1 o6 
2.7 -9.0 +9.0 N/D 1.3 x 1 o4 
2.8 -8.0 +7.2 6700 6700 

4.5 -6.6 +8.4 2800 4.7 X 105 

0.70 -4.8 +5.2 2400 6500 

0.43 -4.0 +4.2 86000 7100 

0.28 -4.0 +3.9 1300 3000 

Fig. 44 
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ELECTRONIC SWITCHING, MEMORY, AND 
SENSOR DEVICES FROM A 

DISCONTINUOUS GRAPHENE AND/OR 
GRAPHITE CARBON LAYER ON 

DIELECTRIC MATERIALS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

2 
one carbon sheet is deposited on the dielectric material. A first 
of the two electrode terminals forms a source and a second of 
the two electrode terminals forms a drain. The electronic 
devices exhibit nonlinear current-versus-voltage response 
when operated over a voltage sweep range. In some embodi
ments, the electronic devices may, for example, be used as 
two-terminal memory devices, logic switches, and sensors. 

In other various embodiments, electronic devices are pre
pared by a process including: 1) providing a dielectric mate-

This application claims priority to U.S. provisional patent 
applications 60/976,143 filed Sep. 28, 2007 and 60/982,329 
filed Oct. 24, 2007 which are incorporated by reference as if 
written herein in their entirety. 

10 rial; 2) depositing at least one carbon sheet on the dielectric 
material; and 3) positioning two electrode terminals on the 
dielectric material. In various embodiments, the at least one 
carbon sheet lies between the two electrode terminals. A first 
of the two electrode terminals forms a source and a second of 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

15 the two electrode terminals forms a drain. In some embodi
ments, the electronic device prepared by the process further 
includes applying a voltage sweep between the two electrode 
terminals, such that the voltage sweep produces a nonlinear This invention was made with govermnent support under 

Grant No. NCC-001-0203, awarded by the National Aero
nautics and Space Administration; and Grant No. W911NF- 20 

08-C-0019, awarded by the U.S. Department of Defense. The 
govermnent has certain rights in the invention. 

BACKGROUND 

current-versus-voltage response. 
In other various embodiments, analytical methods are dis-

closed. The methods comprise: 1) providing an electronic 
device; 2) operating the electronic device over a voltage 
sweep range; and 3) observing current-versus-voltage perfor
mance of the electronic device. The operating and observing 

25 steps occur in the presence of at least one analyte. 
The foregoing has outlined rather broadly various features 

of the present disclosure in order that the detailed description 
that follows may be better understood. Additional features 
and advantages of the disclosure will be described hereinaf-

Transistors are a bulwark of electronic switching and 
memory applications due to their extreme reliability and high 
ON/OFF ratios of 104 -105

. Transistors are three-terminal 
devices that include source, drain, and gate electrode termi
nals. Corresponding two-terminal electronic devices, having 30 ter, which form the subject of the claims. 
a source and a drain, typically have ON/OFF ratios that are 
orders of magnitude smaller than transistors. Two-terminal 
electronic devices can be operable in switching and memory 
applications, provided the devices display a non-linear cur
rent-versus-voltage response and have a great enough and 35 

reliable ON/OFF ratio. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present disclo
sure, and the advantages thereof, reference is now made to the 
following descriptions to be taken in conjunction with the 
accompanying drawings describing a specific embodiment of 
the disclosure, wherein: 

Molecular-based devices and one-dimensional carbon 
nanostructures having non-linear current-versus-voltage 
response and current peak-to-valley ratios (PVRs) generally FIG. 1 shows an embodiment of C-Si02-SiC, 

40 C-Si02-Si, and C-Si02 nanocables. on the order of 2 to 100 have been reported. Likewise, two
terminal memory devices have been described that are based 
upon metal filamentary mechanisms. These include molecu
lar-spaced devices, nanowire crossbar memories, and resis
tive random access memories using transition metal oxides. 
Coaxial multi-layer nanocables, which may include various 45 

materials, including carbon nanotubes, are of potential inter-
est in molecular-based devices, since nanocables retain the 
one-dimensional features ofbothnanowires andnanotubes in 
the axial direction and form a heterojnnction in the radial 
direction. 50 

In view of the foregoing, development of electronic devices 
exhibiting nonlinear current-versus-voltage response, further 
characterized by a negative differential resistance region, and 
having high and reliable ON/OFF ratios characterized by 
large current PVRs would be of substantial benefit. Such 55 

devices may have applications in electronic switching, 
memory, and sensor applications. In memory applications, 
devices having stable, re-writable, non-volatile, and non-de
structive read memories with fast switching times would be of 
substantial benefit in countless electronics applications where 60 

computer memory is used. 

FIG. 2 shows a high-resolution TEM image of a 
C-Si02-SiC nanocable embodiment. 

FIG. 3 shows a selected-area electron diffraction pattern of 
a C-Si02-SiC nanocable embodiment. 

FIG. 4 shows an embodiment of a two-terminal electronic 
device and exemplary process steps for preparing the device. 

FIG. 5 shows a representative embodiment of an SEM 
image of a long channel C-Si02-SiC nanocable electronic 
device. 

FIG. 6 shows a representative embodiment of an SEM 
image of a short channel C-Si02-SiC nanocable electronic 
device. 

FIG. 7 shows embodiments of BIV behavior over a bias 
sweep range of -15 V to +15 V for various long channel 
C-Si02-SiC nanocable electronic devices. 

FIG. 8 shows embodiments of BIV behavior over a bias 
sweep range of -15 V to + 15 V for various short channel 
C-Si02-SiC nanocable electronic devices. 

FIG. 9 shows an embodiment of a reverse bias sweep of 
+ 15 V to -15 V for a C-Si02-SiC nanocable device having 
a channel length of 2.7 f.tm. 

SUMMARY 

In various embodiments, electronic devices are disclosed. 

FIG. 10 shows an embodiment of variable temperature 
conductance of C-Si02-SiC nanocable devices over a 
temperature range of 100 K to 295 Kanda bias voltage sweep 

65 of-1 Vto +1 V. 
The electronic devices include a dielectric material, at least 
one carbon sheet, and two electrode terminals. The at least 

FIG. 11 shows an embodiment of a repetitive bias voltage 
sweep of a C-Si02-SiC nanocable electronic device. 
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FIG. 12 shows an embodiment of the memory performance 
of a long channel C-Si02-SiC nanocable electronic device 
having a channel length of 2.8 flill, as obtained from a +5 V 
write bias pulse for 1 s and + 10 V erase bias pulse for 1 s. 

FIG. 13 shows an embodiment of the memory performance 
of a long channel C-Si02-SiC nanocable electronic device 
having a channel length of 4.5 flill, as obtained from a +5 V 
write bias pulse for 1 s and + 15 V erase bias pulse for 1 s. 

FIG. 14 shows an embodiment of the long term memory 
reading performance of a long channel C-Si02-SiC nano- 10 

cable electronic device having a channel length of 4.5 flill, as 
obtained from a +5 V write bias pulse for 1 sand+ 15 V erase 
bias pulse for 1 s, followed by 1000 consecutive current reads 
at +1 V. 

15 

4 
and a +8 V erase bias pulse for 1 ms, each write/erase opera
tion being followed by reading 10 consecutive times at + 1 V. 

FIG. 27 shows an embodiment of a two-cycle bias sweep 
sequence from 0 to +8 V for a C-Si02 nanocable electronic 
device having a channel length of 1.9 flill and a nanocable 
diameter of 110 nm. 

FIG. 28 shows an embodiment of the memory reading 
performance of a C-Si02 nanocable electronic device hav
ing a channel length of 1.9 flill and a nanocable diameter of 
110 nm, as conducted with a +4 V write bias pulse for 1 ms 
and a +6 V erase bias pulse for 1 ms, each write/erase opera-
tion being followed by reading 1000 consecutive times at + 1 
v. 

FIG. 29 shows an embodiment of a one-cycle read/write 
bias sweep sequence from 0 to +8 V for a C-Si02 nanocable 
electronic device having a channel length of 2.6 flll1 and a 
nanocable diameter of 140 nm. 

FIG. 30 shows an embodiment of the memory reading 

FIG. 15 shows an embodiment of the memory reading 
performance of a short channel C-Si02-SiC nanocable 
electronic device having a channel length of 280 nm, as 
obtained from a +2.5 V write bias pulse for 1 sand +5 V erase 
bias pulse for 1 s, followed by 10 consecutive current reads at 
+1 v. 

20 performance of a C-Si02 nanocable electronic device hav
ing a channel length of 2.6 flill and a nanocable diameter of 
140 nm, as conducted with a +4 V write bias pulse for 1 ms 
and a +8 V erase bias pulse for 1 ms, each write/erase opera-

FIG. 16 shows an embodiment of the long term memory 
reading performance of a short channel C-Si02-SiC nano
cable electronic device having a channel length of280 nm, as 
obtained from a +2.5 V write bias pulse for 1 sand +5 V erase 25 

bias pulse for 1 s, followed by 1000 consecutive current reads 
at +1 V. 

tion being followed by reading 5 consecutive times at + 1 V. 
FIG. 31 shows an embodiment of a one-cycle read/write 

bias sweep sequence from 0 to +8 V for a C-Si02 nanocable 
electronic device having a channel length of 1.5 flll1 and a 
nanocable diameter of 200 nm. 

FIG. 32 shows an embodiment of the memory reading 
FIG. 17 shows an embodiment of the memory reading 

performance of a short channel C-Si02-SiC nanocable 
electronic device having a channel length of 430 nm, as 
obtained from a +3 V write bias pulse and a +6 V erase bias 
pulse. 

30 performance of a C-Si02 nanocable electronic device hav
ing a channel length of 1.5 flill and a nanocable diameter of 
200 nm, as conducted with a +6 V write bias pulse for 1 flS and 
a +8 V erase bias pulse for 100 flS, each write/erase operation FIG. 18 shows an embodiment of the memory reading 

performance of a short channel C-Si02-SiC nanocable 
electronic device having a channel length of 360 nm, as 35 

obtained from a +3 V write bias pulse and a +6 V erase bias 
pulse. 

FIG. 19 shows embodiments of the memory reading per
formance of a short channel C-Si02-SiC nanocable elec
tronic device having a channel length of700 nm, as obtained 40 

from a +3 V write bias pulse and a +6 V erase bias pulse, with 
a write/erase bias pulse times of either 0.1 or 1 second. 

being followed by reading 10 consecutive times at + 1 V. 
FIG. 33 shows an embodiment of the memory reading 

performance of two C-Si02 nanocable electronic devices, 
set to either the ON or OFF state prior to testing, over two 
weeks of testing time and exposure to different conditions. 

FIG. 34 shows an embodiment of the BIV behavior for a 
first C-Si02 nanocable device whose memory performance 
is shown in FIG. 33, prior to exposure to different testing 
conditions. 

FIG. 35 shows an embodiment of the BIV behavior for a FIG. 20 shows embodiments of BIV behavior over a bias 
sweep range of -15 V to +15 V for various C-Si02-Si 
nanocable electronic devices. 

FIG. 21 shows an embodiment of the memory reading 
performance of a C-Si02-Si nanocable electronic device, 

second C-Si02 nanocable device whose memory perfor-
45 mance is shown in FIG. 33, prior to exposure to different 

testing conditions. 

as obtained from a +4 V write bias pulse for 1 second and a +8 
V erase bias pulse for 1 second. 

FIG. 22 shows an embodiment ofBIV behavior over a bias 50 

FIG. 36 shows embodiments ofSEM images ofC-Si02 

nanocable electronic devices before and after the extended 
electrical property measurements presented in FIG. 33. The 
high magnification inset is denoted by an arrow. 

sweep range of -8 V to +8 V for a C-Si02 nanocable elec
tronic device having a channel length of2.7 fllll· 

FIG. 23 shows an embodiment ofBIV behavior over a bias 
sweep range of -10 V to +10 V for a C-Si02 nanocable 
electronic device having a channel length of 2.5 fllll, as con
ducted in the presence of -20, 0, and +20 V gate biases. 

FIG. 24 shows an embodiment of a five-cycle bias sweep 
sequence from 0 to +8 V for a C-Si02 nanocable electronic 
device having a channel length of 2.4 flill. 

FIG. 37 shows embodiments ofSEM images of multi-wall 
carbon nanotube (MWCNT) electronic devices, both before 
and after electrical breakdown. 

FIG. 38 shows embodiments ofSEM images ofC-Si02 

55 nanocable electronic devices, where graphite comprises the 
nanocable, both before and after electrical breakdown. 

FIG. 39 shows an embodiment of a proposed NEM switch
ing mechanism responsible for BIV behavior in graphenic or 
graphitic nanocable electronic devices. 

FIG. 40 shows embodiments of BIV behavior for a 
C-Si02 nanocable electronic device over a temperature 
range between 200 K and 400 K. 

FIG. 25 shows an embodiment of a three-cycle bias sweep 60 

sequence from 0 to + 10 V for a C-Si02 nanocable electronic 
device having a channel length of 2.5 flill and a nanocable 
diameter of 110 nm. FIG. 41 shows embodiments of SEM images of a two

terminal electronic device fabricated according to FIG. 4, 
65 both before and after electrical breakdown. 

FIG. 26 shows an embodiment of the memory reading 
performance of a C-Si02 nanocable electronic device hav
ing a channel length of 2.5 flill and a nanocable diameter of 
110 nm, as conducted with a +4 V write bias pulse for 1 ms 

FIG. 42 shows an embodiment ofBIV behavior over a bias 
sweep range of 0 V to + 15 V for the two-terminal electronic 
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device presented in FIG. 41 having a channel length of 2 
width of 2 f.tm and carbon sheet thickness of 20 nm. 

FIG. 43 shows an embodiment of the memory reading 
performance for the two-terminal electronic device presented 
in FIG. 42 over 10000 write/erase cycles, as conducted with a 
+8 V write bias pulse for 1 flS and a + 15 V erase bias pulse for 
1 flS. 

FIG. 44 shows a summary of embodiments of the depen
dence ofV,h and PVR on C-Si02-SiC nanocable channel 
length. 

DETAILED DESCRIPTION 

In the following description, certain details are set forth 
such as specific quantities, sizes, etc. so as to provide a thor
ough understanding of the various embodiments disclosed 
herein. However, it will be obvious to those skilled in the art 
that the present disclosure may be practiced without such 
specific details. In many cases, details concerning such con
siderations and the like have been omitted inasmuch as such 
details are not necessary to obtain a complete understanding 
of the present disclosure and are within the skills of persons of 
ordinary skill in the relevant art. 

Referring to the drawings in general, it will be understood 
that the illustrations are for the purpose of describing a par
ticular embodiment of the disclosure and are not intended to 
be limiting thereto. Drawings are not necessarily to scale. 

While most of the terms used herein will be recognizable to 
those of skill in the art, the following definitions are never
theless put forth to aid in the understanding of the present 
disclosure. It should be understood, however, that when not 
explicitly defined, terms should be interpreted as adopting a 
meaning presently accepted by those of skill in the art. 

"Bias," as defined herein, is a predetermined voltage 
applied to an electronic device that causes the device to oper-

6 
"Peak-to-valley ratio (PVR)," as defined herein, is the ratio 

of maximum current response obtained within a given voltage 
sweep to minimum current response obtained within the 
sweep. 

"Threshold voltage (V,h)," as defined herein, is the voltage 
at which a maximum or minimum current peak occurs in a 
device exhibiting BIV behavior. 

In some of the embodiments of electronic devices dis
closed herein, the electronic devices include at least one 

10 nanocable. Nanocables may be formed from coaxial sheets of 
carbon and a dielectric material in an embodiment. In another 
embodiment, a nanowire core optionally further comprises 
the nanocables. Exemplary but non-limiting nanocables uti
lized in the various embodiments presented herein include 

15 C-Si02-SiC, C-Si02-Si, and C-Si02 nanocables. 
The nanocables may be represented in a generic form 
X-Y -Z. In this generic representation, a layer of dielectric 
material Y is covered by at least one carbon sheet oflayer X. 
Z is an optional nanowire core component of the nanocable 

20 housed within dielectric material Y. For example, nanocable 
C-Si02-SiC includes a SiC nanowire core, covered by a 
Si02 dielectric coating, which is in turn covered by at least 
one carbon sheet. In various embodiments described herein, 
C may, for example, refer to graphite, graphene, or graphene 

25 sheets. FIG. 1 shows pictorial representations of the three 
types of nanocables. In FIG. 1, 101 is a C-Si02-SiC nano
cable, 102 is a C-Si02-Sinanocable, and 103 is a C-Si02 

nanocable. Embodiments of a C-Si02-SiC nanocable 
high-resolution TEM image and corresponding selected-area 

30 electron diffraction pattern are respectively presented in 
FIGS. 2 and 3. Further description of the nanocable devices 
used within the present disclosure are provided as experimen
tal examples hereinbelow. 

In some embodiments herein, an electronic device is dis-
35 closed. The electronic device includes a dielectric material, at 

least one carbon sheet, and two electrode terminals. In an 
embodiment, the at least one carbon sheet is deposited on the 
dielectric material. In an embodiment, a first of the two elec-ate in a certain desired fashion or to set a certain operating 

point. In the various embodiments presented herein, a voltage 
bias may be established at the source electrode terminal or 40 
through a third electrode not comprising the source or drain 
electrode terminals. 

trode terminals forms a source and a second of the electrode 
terminals forms a drain. In various embodiments, the elec
tronic device exhibits nonlinear current-versus-voltage 
response when operated over a voltage sweep range between 
the source and drain electrodes. In various embodiments, the 
at least one carbon sheet comprising the electronic device 
forms a discontinuous carbon layer. The discontinuous car
bon layer may be comprised by graphene sheets or graphite 

"Channel length," as defined herein, refers to the length of 
at least one carbon sheet bridging between source and drain 
electrodes of the electronic devices described herein. In other 45 

words, channel length is the inter-electrode separation dis
tance. sheets in an embodiment. The discontinuous carbon layer is 

advantageous for fabricating certain embodiments of the 
electronic device, since the discontinuous carbon layer may 

"Discontinuous carbon layer," as defined herein, refers to a 
discontinuous graphene layer or discontinuous graphite layer 
between source and drain electrodes, where at least two inde
pendent sheets of graphene or graphite span the distance 
between the source and drain electrodes, because no one sheet 

50 be formed by, for example, chemical vapor deposition. 
The at least one carbon sheet comprising the electronic 

device may be in a form that includes, but is not limited to, 
graphite, graphene, and graphene sheets. In some embodi
ments of the electronic device, the at least one carbon sheet is 

of graphene or graphite is long enough to completely span the 
distance between the source and drain electrodes. In forming 
the discontinuous graphene layer or discontinuous graphite 
layer, the at least two independent sheets of graphene or 
graphite have at least one overlapping region between the 
sheets. 

55 selected from a group consisting of graphene, graphite, and 
combinations thereof. The dielectric material forming the 
electronic device may include, but is not limited to, silicon 
dioxide, silicon nitride, ceramics, glass, and plastic. In some 
embodiments of the electronic device, the dielectric material 

"Negative differential resistance (NDR)," as defined 
herein, is a current decrease in response to an increase in the 
bias voltage applied across a two-terminal device. A mecha
nistic origin of the effect is sometimes implied in certain 
descriptions of materials having NDRs. As used herein, the 
term "bistable current-voltage (BIV) behavior," is used to 65 

describe an NDR-like effect, where no mechanistic implica
tions are made. 

60 is selected from a group consisting of silicon dioxide, silicon 
nitride, glass, and plastic. 

In certain embodiments of the electronic device, the device 
further includes a semiconductor. In some embodiments, the 
dielectric material maintains continuous contact with the 
semiconductor. In some embodiments disclosed herein, the 
semiconductor comprises a stacked silicon-on-insulator 
structure. Such arrangements are well known to those of skill 
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in the relevant art. Semiconductors may be elemental semi
conductors, binary semiconductors, ternary semiconductors, 
ternary semiconductor alloys, quaternary semiconductor 
alloys, quinary semiconductor alloys, and organic semicon
ductors. 

8 
carbon monoxide, and combinations thereof in various 
embodiments. In certain embodiments, the at least one carbon 
sheet is deposited at a temperature between about 400° C. and 
about 900° C. In other embodiments, the at least one carbon 
sheet is deposited at a temperature between about 800° C. and 
about 900° C. In some embodiments, the at least one carbon 
sheet is deposited by a process selected from a group consist
ing of ink-jet printing and solution-spin coating. Material 
deposited by the ink-jet printing and solution-spin coating 

10 techniques may be selected from a group consisting of exfo
liated graphene, graphite, or combinations thereof in an 
embodiment. 

Exemplary but non-limiting semiconductor materials may 
include, but are not limited to, diamond, silicon, germanium, 
silicon carbide, silicon germanide, aluminium antimonide, 
aluminium arsenide, aluminium nitride, aluminium phos
phide, boron nitride, boron phosphide, boron arsenide, gal
lium antimonide, gallium arsenide, gallium nitride, gallium 
phosphide, indium antimonide, indium arsenide, indium 
nitride, indium phosphide, cadmium selenide, cadmium sul
fide, cadmium telluride, zinc oxide, zinc selenide, zinc sul
fide, zinc telluride, lead selenide, lead sulfide, lead telluride, 15 

tin sulfide, tin telluride, bismuth telluride, cadmium phos
phide, cadmium arsenide, cadmium antimonide, zinc phos
phide, zinc arsenide, zinc antimonide, lead(II) iodide, molyb
denum disulfide, gallium selenide, tin sulfide, bismuth 
sulfide, copper indium gallium selenide, platinum silicide, 20 

bismuth(III) iodide, mercury(II) iodide, thallium(!) bromide, 
aluminium gallium arsenide, indium gallium arsenide, 
indium gallium phosphide, aluminium indium arsenide, alu
minium indium antimonide, gallium arsenide nitride, gallium 
arsenide phosphide, aluminium gallium nitride, aluminium 25 

gallium phosphide, indium gallium nitride, indium arsenide 
antimonide, indium gallium antimonide, aluminium gallium 
indium phosphide, aluminium gallium arsenide phosphide, 
indium gallium arsenide phosphide, aluminium indium ars
enide phosphide, aluminium gallium arsenide nitride, indium 30 

gallium arsenide nitride, indium aluminium arsenide nitride, 
gallium arsenide antimonide nitride, gallium indium nitride 
arsenide antimonide, gallium indium arsenide antimonide 
phosphide, cadmium zinc telluride, mercury cadmium tellu
ride, mercury zinc telluride, mercury zinc selenide, lead tin 35 

telluride, thallium tin telluride, and thallium germanium tel
luride. Organic semiconductors suitable for practicing the 
disclosure may include single molecules, oligomers, and 
semiconducting polymers. Exemplary but non-limiting 
organic semiconductors that may be used in practice of the 40 

embodiments disclosed herein may include pentacene, 
anthracene, rubrene, poly(thiophene)s, poly(aniline)s, poly 
(pyrrole )s, poly(p-phenylene vinylene ), poly( acetylene), and 
derivatives and combinations thereof. In certain embodi
ments of the electronic device, the semiconductor is selected 
from a group consisting of silicon, silicon carbide, gallium 
arsenide, and germanium. 

The source and drain electrode terminals may be formed 
from various conductor or semiconductor materials in con
structing the electronic devices. Exemplary, but non-limiting, 
materials that may be used to form the source and drain may 
be selected from a group consisting of platinum, palladium, 
gold, silver, silicon, gallium arsenide, titanium, tin, copper, 
and combinations thereof in an embodiment. Selection of the 
materials for constructing the source and drain electrodes is 
conducted independently. One skilled in the art will recognize 
that the properties of the various electrode materials may 
confer advantageous properties to certain embodiments of the 
electronic device, and all such combinations of materials are 
fully within the spirit and scope of the present disclosure. 

Certain electrical properties of the electronic devices dis
closed herein give the devices advantageous benefits, particu
larly as two-terminal devices for switching and memory 
applications. The devices disclosed herein exhibit BIV 
behavior and high PVRs in their current-versus-voltage 
response. Further, the transition from a low conduction state 
to a high conduction state is characterized by a sharp thresh
old voltage (V,h) occurring over a very narrow voltage tran
sition. Although the switching and memory performance of 
the devices is somewhat variable from device to device based 
on variations in construction parameters, the electronic 
devices provide considerably advanced properties over exist
ing two-terminal devices. All such operational variation lies 
within the spirit and scope of the disclosure. Parameters 
which may affect the switching and memory performance of 
the electronic devices may include, but are not limited to, 
separation between the electrode terminals (channel length), 
dielectric material thickness, and thickness of the at least one 
carbon layer. Threshold voltages are typically in the range of 

45 6-12 V for devices with a channel length of2-5 f.tm and below 
5 V for devices with a channel length of <1 flill· ON/OFF 
switching ratios of 104 to 106 are typically observed. The 
operational parameters presented hereinabove are merely In certain embodiments of the electronic device, a gate 

electrode further comprises the electronic device. In various 
embodiments, a gate electrode distinct from the source and 50 

the drain electrode terminals further comprises the electronic 
device. In these various embodiments, the gate electrode 
influences performance of the semiconductor. In an embodi
ment, the gate electrode may be constructed on a material 
such as, but not limited to, silicon-on-insulator (SOl). Gated 
operation of the electronic device may beneficially alter the 
performance of the device in an embodiment. 

exemplary and should not be considered limiting. 
In certain embodiments of the electronic device, the non-

linear current-versus-voltage response includes at least about 
a 10-fold change in current over a voltage sweep range of 
about 0.5 V. In other embodiments of the electronic device, 
the nonlinear current-versus-voltage response includes a 

55 change in current between about 10-fold and 109
- fold over a 

voltage sweep range of about 0.5 V. In still other embodi
ments of the electronic device, the nonlinear current-versus
voltage response includes a change in current between about 
105 -foldand 109 -fold over a voltage sweep range of about 0.5 

A number of different methods may be used to deposit the 
at least one carbon sheet on the electronic device. The suit
ability of a particular technique will be dependent on the 
nature of the at least one carbon sheet being deposited and 
will be evident to one skilled in the art. In certain embodi
ments, the at least one carbon sheet is deposited from a gas 
comprising at least one carbon-containing compound. In fur
ther embodiments, the gas comprises hydrogen. The at least 
one carbon-containing compound may be selected from a 
group consisting of acetylene, ethylene, methane, ethane, 

60 V. These operational characteristics beneficially provide high 
PVRs and ON/OFF ratios in operation of the devices. 

In some embodiments, the electronic device is operated 
over a voltage sweep range of less than about 15 V. In other 
embodiments, the electronic device is operated over a voltage 

65 sweep range ofless than about 5 V. In still other embodiments, 
the electronic device is operated over a voltage sweep range 
ofless than about 1 V. 
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In certain embodiments, the electronic device comprises a 
two-terminal memory device having an ON/OFF memory 
state. In some embodiments, the electronic device has an 
ON/OFF ratio of at least about 100:1 for measuring recorded 
currents in the ON and OFF states. High ON/OFF ratios are 
characteristic of the electronic devices as a result of their 
beneficial electronic properties noted hereinabove. The 
ON/OFF ratios characteristic of the electronic devices make 
the devices well suited in applications in which two-terminal 
memory may be used. 10 

Additional components may characterize the electronic 
device disclosed herein. In certain embodiments, the elec
tronic device is constructed on a planar silicon wafer. In 
certain other embodiments, a gate electrode further com
prises the electronic device. In some embodiments, the gate 15 

electrode is above the at least one carbon layer. In other 
embodiments, the gate electrode is below the at least one 
carbon layer. In the various embodiments, the gate electrode 
may modifY current flow through the carbon sheet. The elec
tronic device may also include at least one nanowire in an 20 

embodiment. In various embodiments, the at least one 
nanowire lies between the source and the drain electrode 
terminals. Nanowires may be formed from several different 
types of nanomaterials and may be metallic, semiconducting, 

10 
includes reaction of the carbon sheet with an alkali metal, 
such as Li or Na, in liquid mania, followed by reaction 
with an electrophile, such as an alkyl halide, aryl halide, or 
carbonyl. The Tour diazonium-based functionalization 
includes a radical-based introduction of aryl groups to the 
graphene or graphite sheet. Related chemistries for 
covalently introducing functional groups to carbonnanotubes 
may be envisioned for functionalizing carbon sheets by those 
skilled in the art 

In certain embodiments of the electronic devices and sen-
sors derived therefrom, the at least one carbon sheet is chemi
cally functionalized with covalent bonds. As described here
inabove, methods for functionalizing carbon sheets are well 
known to those of skill in the relevant art. The covalent bonds 
may attach to a component selected from a group including, 
but not limited to, alkyl groups, aryl groups (arenes), halides, 
carboxylic acids, amines, substituted amines, amides, car
boxylic esters, sulfonic acids, sulfonamides, alkoxy groups, 
and aryloxy groups. The at least one carbon sheet may be 
bonded to a group capable of coordinating a metal ion, such as 
but not limited to a chelating group. When a chelating group 
is bound to the at least one carbon sheet, the electronic devices 
or sensors derived therefrom may be particularly beneficial in 
applications for sensing metal ions. Functionalized graphene 

or insulating. Nanowires may be formed from either organic 
or inorganic materials, the choice of which and methods for 
formation thereof are well known to those versed in the rei-
evant art. 

25 or graphite sheets may be covalently attached to biomolecules 
including, but not limited to, nucleic acids, DNA, RNA, oli
gonucleotides, polynucleotides, nucleosides, nucleotides, 
amino acids, peptides, oligopeptides, polypeptides, proteins, 

In some embodiments, the electronic device comprises at 
least one nanocable. In some embodiments, the at least one 30 

nanocable lies between the source and the drain electrode 

glycoproteins, enzymes, lipids, phospholipids, glycolipids, 
hormones, peptide hormones, neurotransmitters, carbohy
drates, sugars, monosaccharides, disaccharides, trisaccha-
rides, oligosaccharides, polysaccharides, antibodies, anti
body fragments, and synthetic derivatives and analogs 
thereof. The non-limiting functionalizations presented here-

terminals. In some embodiments, the at least one nanocable 
comprises at least two layers. In an embodiment, the at least 
one nanocable comprises two layers. In another embodiment, 
the at least one nanocable comprises three layers. An exem
plary but non-limiting two-layer nanocable presented herein 
is a C-Si02 nanocable, which is defined and described here
inabove. Exemplary three-layer nanocables include, but are 
not limited to, C-Si02-SiC and C-Si02-Si nanocables. 
Applicability of a particular nanocable for a given embodi
ment of the electronic device will be evident to one skilled in 
the art in view of the experimental examples presented here
inbelow. 

35 inabove may be used to alter the affinity of the at least one 
carbon sheet toward binding of a given molecule, biomol
ecule, or analyte. The functionalizations may themselves 
alter the electrical properties of the at least one carbon sheet or 
provide greater affinity toward binding of a particular mol-

40 ecule, biomolecule, or analyte. In various embodiments of the 
electronic devices or sensors derived therefrom, covalent 
bonds connect the at least one carbon sheet to at least one 
moiety chosen from a group consisting of alkyls, arenes, 
saccharides, peptides, nucleotides, halides, and combinations In some embodiments, the electronic device comprises a 

sensor. Operating the electronic device as a sensor may allow 
the electronic device to detect a wide range of molecules 
based on alteration of the observed electrical properties or 
BIV behavior of the device. As a non-limiting example, a 
molecule may become adsorbed to the at least one carbon 
sheet of the device and alter its electrical properties or BIV 50 

behavior. Such adsorption comprises an embodiment of non
covalent bonding. Alternatively, a molecule may become 
covalently bound to the at least one carbon sheet of the device 
and alter its electrical properties or BIV behavior. One skilled 

45 thereof. 

in the art will recognize that a wide range of molecules may be 55 

detected when the electronic device is operated as a sensor. 
Further, one skilled in the art will recognize that the at least 
one carbon sheet may be modified to alter its affinity for a 
given molecule, either in its low-conductance state, high
conductance state, or both low and high-conductance states. 60 

Methods for modifying carbon sheets, such as graphene and 
graphite, are well known in the art, and any of these modifi
cation methods may be combined to provide affinity of the at 
least one carbon layer toward a given molecule. 

Exemplary but non-limiting chemistries for modifYing the 65 

carbon sheets may include the Billups reaction or Tour dia
zonium-based functionalization. The Billups reaction 

In certain embodiments, operation of the electronic devices 
or sensors derived therefrom within the voltage sweep range 
promotes chemical functionalization of the at least one car
bon sheet with covalent bonds. In some embodiments, chemi
cal functionalization with covalent bonds may comprise func
tionalization of the at least one carbon sheet of the electronic 
devices or sensors derived therefrom, where the at least one 
carbon sheet is not previously functionalized with covalent 
bonds. In other embodiments, chemical functionalization 
with covalent bonds may comprise functionalization of the at 
least one carbon sheet of the electronic device or sensors 
derived therefrom, where the at least one carbon sheet previ
ously comprised covalent bonds and is further modified. In 
certain embodiments, operation of the electronic devices or 
sensors derived therefrom within the voltage sweep range 
promotes further modification through non-covalent bond
ing. 

In certain embodiments, the carbon sheets coating the elec
tronic device or sensors derived therefrom may adsorb mol
ecules. In other words, the carbon sheets are modified through 
non-covalent bonding. The adsorbed molecules may change 
the electronic properties of the electronic devices or sensors 
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derived therefrom. Adsorbed molecules may comprise alkyl 
groups, aryl groups (arenes), halides, carboxylic acids, 
amines, substituted amines, amides, carboxylic esters, sul
fonic acids, sulfonamides, alkoxy groups, aryloxy groups, 
and styrenes. As such, in an embodiment, the electronic 
devices or sensors derived therefrom may be used for detect
ing a range of analytes based on changes in the observed BIV 
characteristics upon adsorption or desorption of molecules. 
Likewise, the carbon sheets may adsorb any of the biomol
ecules listed hereinabove to improve sensor sensitivity. In an 10 

embodiment of the electronic device or sensors derived there
from, the at least one carbon sheet is modified through non
covalent bonding. In various embodiments, non-covalent 
bonding comprises adsorption of at least one moiety to the at 
least one carbon sheet. In various embodiments of the elec- 15 

tronic devices or sensors derived therefrom, the at least one 
moiety is chosen from a group consisting of alkyls, arenes, 
saccharides, peptides, nucleotides, halides, styrenes, and 
combinations thereof. 

12 
observing current-versus-voltage performance of the elec
tronic device in the presence of the at least one analyte. In 
various embodiments, the at least one analyte becomes bound 
to the at least one carbon sheet of the electronic device. In 
some embodiments, the methods further comprise removing 
the at least one analyte from the as least one carbon sheet after 
the operating step. In still other embodiments, the methods 
comprise comparing the current-versus-voltage performance 
of the electronic device in the absence of the at least one 
analyte to the current-versus-voltage performance of the elec
tronic device in the presence of the at least one analyte as 
described hereinabove. Such operation of the electronic 
device in the absence of an analyte permits the background 
performance of the electronic device to be obtained. When the 
electronic device is responsive to the presence of the at least 
one analyte, the magnitude of response of the electronic 
device may be proportional to the quantity of at least one 
analyte present. Operation of the device in the presence of 
known quantities of the at least one analyte may allow the 

In certain embodiments, operation of the electronic devices 
or sensors derived therefrom within the voltage sweep range 
promotes chemical functionalization of the at least one car
bon sheet with non-covalent bonds. Non-covalent bonds may 
comprise adsorption of at least one molecule in an embodi
ment. In various embodiments, chemical functionalization 
with non-covalent bonds may comprise functionalization of 
the at least one carbon sheet of the electronic devices or 
sensors derived therefrom, where the at least one carbon sheet 

20 electronic device to quantitate an unknown amount of the at 
least one analyte present. Non-limiting techniques whereby 
such quantitationmay be performed include calibration curve 
techniques and standard additions techniques. Analytical 
methods utilizing these techniques are within the capabilities 

25 of those having skill in the art. Use of the electronic devices 
described hereinabove in analytical methods using these 
techniques are within the capabilities of the ordinarily skilled 
artisan. 

is not previously functionalized with non-covalent bonds. In 
other embodiments, chemical functionalization with non-co- 30 

valent bonds may comprise functionalization of the at least 
one carbon sheet of the electronic devices or sensors derived 
therefrom, where the at least one carbon sheet previously 
comprised non-covalent bonds and is further modified. In 
certain embodiments, operation of the electronic devices or 35 

sensors derived therefrom within the voltage sweep range 
promotes further modification through non-covalent bond
ing. 

In other various embodiments, an electronic devices are 
prepared by a process comprising: 1) providing a dielectric 
material; 2) depositing at least one carbon sheet on the dielec
tric material; and 3) positioning two electrode terminals on 
the dielectric material, where the at least one carbon sheet lies 
between the two electrode terminals. In various embodi-
ments, the electronic devices are prepared by a process that 
further comprises: applying a voltage sweep between the two 
electrode terminals, wherein the voltage sweep produces a 
nonlinear current-versus-voltage response. In the various 
embodiments of the electronic devices prepared by the pro-In various embodiments of the electronic devices or sen-
cess presented hereinabove, a first of the two electrode termi
nals comprises a source and a second of the two electrode 
terminals comprises a drain. In various embodiments of the 
electronic devices prepared by the process presented herein
above, the at least one carbon sheet forms a discontinuous 

sors derived therefrom, operation of the electronic device 40 

within the voltage sweep range promotes displacement of at 
least one molecule from the at least one carbon sheet com
prising the electronic devices or sensors derived therefrom. In 
some embodiments, the at least one molecule displaced is 
covalently bound to the at least one carbon sheet. In other 
embodiments, the at least one molecule displaced is non
covalently bound to the at least one carbon sheet. In some 
embodiments, the at least one molecule displaced is adsorbed 

45 carbon layer. 
In some embodiments of the electronic devices prepared by 

the process disclosed hereinabove, the at least one carbon 
sheet may be in a form that includes, but is not limited to 
graphite, graphene sheets, and graphene. In certain embodi-to the at least one carbon sheet. In certain embodiments, the at 

least one molecule displaced comprises at least one analyte. 
In certain embodiments of the electronic device, the elec

tronic device comprises a logic switch. In some embodi
ments, the electronic device comprises a logic switch, where 
the electronic device further comprises a gate electrode above 
the at least one carbon sheet of the device. In some other 
embodiments, the electronic device comprises a logic switch, 
where the electronic device further comprises a gate electrode 
below the at least one carbon sheet of the device. In any of the 
various embodiments comprising a gate electrode, the gate 
electrode modifies current flow through the at least one car
bon sheet of the electronic device comprising the logic 
switch. 

In certain embodiments herein, analytical methods are pre
sented. The analytical methods comprise: 1) providing the 
electronic device described hereinabove; 2) operating the 
electronic device over a voltage sweep range, where the oper
ating step occurs in the presence of at least one analyte; and 3) 

50 ments of the electronic devices prepared by the process dis
closed hereinabove, the at least one carbon sheet is selected 
from a group consisting of graphene and graphite. 

In some embodiments of the electronic devices prepared by 
the process disclosed hereinabove, the dielectric material 

55 may include, but is not limited to, silicon dioxide, silicon 
nitride, ceramics, glass, and plastic. In certain embodiments 
of the electronic devices prepared by the process disclosed 
hereinabove, the dielectric material is selected from a group 
consisting of silicon oxide, silicon nitride, glass, and plastic. 

60 In certain embodiments of the electronic devices prepared by 
the process disclosed hereinabove, the dielectric material 
maintains continuous contact with a semiconductor. Semi
conductors suitable for use in the process of preparing the 
product include, but are not limited to, any of the semicon-

65 ductors previously listed hereinabove. In certain embodi
ments of the electronic devices by the process disclosed here
inabove, the semiconductor is selected from a group 
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consisting of silicon, silicon carbide, gallium arsenide, and 
germanium. In some embodiments of the electronic devices 
prepared by the process disclosed hereinabove, the process 
further comprises attaching a gate electrode to the electronic 
device. In various embodiments of the electronic devices 
prepared by the process disclosed hereinabove, the perfor
mance of the semiconductor is influenced by a gate electrode. 
In any of the embodiments of the electronic device prepared 

14 
sweep. Functionalizing the at least one carbon sheet may also 
comprise a non-covalent modification of the at least one car
bon sheet. An exemplary state of non-covalent modification 
may include, but is not limited to, adsorption of at least one 
molecule to the carbon sheet. 

In certain embodiments of the electronic devices prepared 
by the process disclosed hereinabove, a nonlinear current
versus-voltage response comprises at least about a 10-fold 
change in current over a voltage sweep range of about 0.5 V. by the process disclosed hereinabove, the gate electrode is 

distinct from the source and drain electrode terminals. 10 In other embodiments of the electronic devices prepared by 
the process disclosed hereinabove, a nonlinear current-ver
sus-voltage response comprises a change in current between 
about 10-fold and 109

- fold over a voltage sweep range of 
about 0.5 V. In still other embodiments of the electronic 

The electronic devices prepared by the process disclosed 
herein may utilize several different methods to deposit the at 
least one carbon sheet on the electronic device. In some 
embodiments of the electronic devices, the process for form
ing the at least one carbon sheet of the devices comprises a 15 

depositing step performed with a gas comprising at least one 
carbon-containing compound. Suitable carbon-containing 
compounds may include, but are not limited to, acetylene, 
ethylene, methane, ethane, carbon monoxide, and combina
tions thereof. Deposition of the at least one carbon sheet may 20 

occur at a temperature between about 400° C. and about 900° 
C. in various embodiments. In other embodiments, deposition 

devices prepared by the process disclosed hereinabove, a 
nonlinear current-versus-voltage response comprises a 
change in current between about 105

- fold and 109
- fold over a 

voltage sweep range of about 0.5 V. 
In certain embodiments of the electronic devices prepared 

by the process disclosed hereinabove, the process further 
comprises placing a gate electrode above the at least one 
carbon sheet. In certain other embodiments of the electronic 
devices prepared by the process disclosed hereinabove, the 
process further comprises placing a gate electrode below the 

25 at least one carbon sheet. In various embodiments, the gate 
electrode modifies current flow through the at least one car
bon sheet. 

of the at least one carbon sheet may occur at a temperature 
between about 800° C. and about 900° C. In some embodi
ments of the electronic devices, the process for forming the at 
least one carbon sheet of the device comprises a depositing 
step performed by ink-jet printing. In other embodiments of 
the electronic devices, the process for forming the at least one 
carbon sheet of the device comprises a depositing step per
formed by solution-spin coating. In embodiments of the elec- 30 

tronic devices prepared by a process comprising ink-jet print
ing or solution-spin coating techniques, the at least one 
carbon sheet deposited by the technique may comprise 
graphene, graphite, or combinations thereof. The graphite or 
graphene may be previously exfoliated. 

In certain embodiments, the electronic devices prepared by 
the process disclosed hereinabove further comprise chemi
cally functionalizing the at least one carbon sheet with cova
lent bonds. Such functionalization with covalent bonds may 
be carried out prior to depositing the at least one carbon sheet 
or after depositing the at least one carbon sheet. Functional
ization with covalent bonds may also occur during operation 

The electronic devices prepared by the process disclosed 
herein may utilize several different materials in constructing 
the two electrode terminals comprising the electronic device. 

35 of the electronic device, such as during the step of applying a 
voltage sweep to the device. In certain other embodiments, 
the electronic devices prepared by the process disclosed here
inabove further comprise chemically functionalizing the at 
least one carbon sheet with non-covalent bonds. Such func-In some embodiments of the electronic devices prepared by 

the process disclosed herein, positioning the two electrodes 40 

comprises constructing the two electrodes from at least one 
material selected from a group consisting of platinum, palla
dium, gold, silver, silicon, gallium arsenide, titanium, tin, 
copper, and combinations thereof. In the process of construct
ing the source and drain electrode terminals comprising the 45 

electronic devices, the selections of the at least one material 
for the source and for the drain are conducted independently 
of one another. 

In embodiments of the electronic devices prepared by the 
process disclosed hereinabove, the process comprises apply- 50 

ing a voltage sweep between the two electrode terminals 
comprising the device. In embodiments of a working device, 
the voltage sweep produces a nonlinear current-versus-volt
age response. Application of a voltage sweep in preparing the 
electronic device may comprise a means whereby quality of 55 

the device fabrication is monitored. For example, in represen
tative examples of the electronic devices not displaying BIV 
behavior, subsequent analyses of the electronic devices have 
revealed a simple open or closed circuit. Application of a 
voltage sweep during electronic device fabrication may also 60 

comprise setting the electronic device into an initial conduc
tion state for further processing. In a further example, apply
ing a voltage sweep in preparing the electronic device may 
comprise a means of functionalizing the at least one carbon 
sheet with at least one molecule. Functionalizing the at least 65 

one carbon sheet may comprise a covalent modification of the 
at least one carbon sheet during the step of applying a voltage 

tionalization with non-covalent bonds may be carried out 
prior to depositing the at least once carbon sheet or after 
depositing the at least one carbon sheet. Functionalization 
with non-covalent bonds may also occur during operation of 
the electronic devices, such as during the step of applying a 
voltage sweep to the device. In some embodiments, function
alization of the at least one carbon sheet may comprise 
adsorption of at least one molecule to the at least one carbon 
sheet, where the at least one molecule is adsorbed on the at 
least one carbon sheet. In other embodiments, functionaliza
tion of the at least one carbon sheet may comprise ionic 
bonding of at least one molecule to the at least one carbon 
sheet. 

An exemplary but non-limiting embodiment of a two-ter
minal electronic device and a process for preparing the device 
is described below and illustrated in FIG. 4. In brief, a wafer 
of dielectric material 401, such as Si02 , for example, is pre-
sented and a pattern 402 is made on wafer 401. In the embodi
ment presented, the pattern 402 is made with chromium 
metal. A protective layer 403 is then applied, coating the 
exposed dielectric material 401 and the pattern 402. In an 
embodiment, the protective layer comprises Al2 0 3 applied in 
about a 10 nm thick layer. In the generalized embodiment 
shown, the pattern 402 and the protective layer 403 overcoat
ing 402 are removed, exposing a patterned surface of the 
dielectric material 401 following the removal process. A car
bon sheet 404 is then deposited, overcoating the exposed 
dielectric material 401 and the protective layer 403. The 
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carbon sheet 404 may comprise a discontinuous carbon layer 
in an embodiment. The carbon sheet 404 typically includes 
graphene or graphite. Removal of the remaining protective 
layer 403 and its overcoating carbon sheet 404 leaves behind 
a patterned at least one carbon sheet 405 on the dielectric 5 

material 401. Positioning electrode terminals 406 at each end 
of the patterned at least one carbon sheet 405 completes 
assembly of this embodiment of the electronic device. The 
electrode terminals 406 separately comprise a source elec
trode and a drain electrode. Applying a voltage sweep to the 10 

completed device in an embodiment may be used as a non
limiting means of monitoring performance of the electronic 
device, setting an initial device conduction state, or function
alizing the patterned at least one carbon sheet 405. All views 
shown in FIG. 4 are side views of the electronic device, with 15 

the exception of the final view where the electrode terminals 
406 are attached, which is a top view. 

Experimental Examples 

The following experimental examples are included to dem
onstrate particular aspects of the present disclosure. It should 

20 

be appreciated by those of skill in the art that the methods 
described in the examples that follow merely represent exem
plary embodiments of the disclosure. Those of skill in the art 25 

should, in light of the present disclosure, appreciate that many 
changes can be made in the specific embodiments described 
and still obtain a like or similar result without departing from 
the spirit and scope of the present disclosure. 

16 
ited nanocable by either standard photolithography or elec
tron-beam lithography techniques. Photolithography pro
duced long channel devices (> 1 f.tm separation between 
source and drain electrode terminals), and electron-beam 
lithography produced short charmel electronic devices ( <1 
f.tm separation between source and drain electrode terminals). 
The electrode terminals were constructed from Pt and were 
about 100 nm thick for photolithography fabrication and 
about 50 nm thick for electron-beam lithography fabrication. 
After lift-off of photoresist, the nanocable electronic devices 
were characterized by SEM. A representative embodiment of 
an SEM image of a long channel C-Si02-SiC nanocable
based electronic device is shown in FIG. 5 and that of a short 
channel C-Si02-SiC nanocable-based electronic device is 
shown in FIG. 6. During SEM observation, only two-terminal 
electronic devices having a single nanocable bridging 
between the two electrode terminals were characterized. 

Performance of Two-Terminal C-Si02 SiC Nanocable 
Electronic Devices in the Presence of a Bias Voltage Sweep: 

In the presence of a bias voltage sweep, the C-Si02-SiC 
nanocable devices exhibited BIV behavior and high PVRs, 
instead of a linear dependence of current on voltage. Repre
sentative results for different C-Si02-SiC nanocable chan
nellengths are shown in FIGS. 7 and 8. 

Long-Channel C-Si02-SiC Nanocable Devices: 
As shown in FIG. 7, over a voltage sweep width of -15 V 

to + 15 V, a C-Si02-SiC nanocable device with a channel 
length of3.5 f.tm remained in a low-conduction state at high 
negative bias until the current sharply increased at -9.6 V to 

Unless stated otherwise below, all electrical property mea
surements were taken at room temperature under a vacuum of 
-5x10-5 mm Hg. Electrical transport properties were mea
sured using a Desert Cryogenics TT-probe 6 system. Current
voltage data were collected with anAgilent 4155C semicon
ductor parameter analyzer. For convenience and unless stated 
otherwise, the voltages and currents specified below refer to 
drain-source voltages and drain currents. High resolution 
TEM images were acquired with either a JEOL-21 OOF ( accel
erating voltage of 200 kV) or JEOL-300F (accelerating volt
age of300 kV) TEM instrument. SEM characterization was 
accomplished with a JEOL-6500 field emission SEM. 

30 a peak of 82 flA with a PVR of about 6000. The device then 
remained at a high-conduction state until the bias reached 
+10.4 V, where the current decreased from -100 flA to <10 
pA, resulting in a PVR of -1.7x106

. The device remained in 
the low-conduction state while the voltage was increased to 

Example 1 

C-Si02-SiC Nanocable Electronic Devices 

Preparation ofC-Si02 SiC Nanocables: 

35 +15 V. Similarly, a C-Si02-SiC nanocable device with 
channel length of 2.7 flill exhibited BIV features at -9 V and 
+9 V, respectively. The PVR at +9 V was -1.3x1 04

. As shown 
in FIG. 9, reversing the bias sweep from +15 V to -15 V for 
this C-Si02-SiC nanocable device produced almost the 

40 same trace of the current-voltage curve, except that the BIV 
V,h occurred at a slightly lower bias of ±8.4 V. Another 
C-Si02-SiC nanocable electronic device with a channel 
length of2.8 f.tm displayed BIV behavior at -8 Vand + 7.2 V 
with a PVR about 6700. BIV was found on another 

45 C-Si02-SiC nanocable electronic device with a channel 
length of 4.5 flill, producing v,h values at -6.6 v and +8.4 v. 
The PVR was -2800 at -6.6 V and 4.7x105 at +8.4 V in this 
device. Repeatable BIV behavior was observed on more than C-Si02-SiC nanocables were prepared by a high tem

perature CVD process. As-synthesized C-Si02-SiC nano
cables were several f.tm in length and about 20 nm to about 50 50 

nm in diameter. The SiC nanowire core of eachnanocable was 
comprised by a ~-SiC single crystal. The middle Si02 dielec
tric layer was about 2 nm to about 5 nm in thickness. The outer 
carbon sheath was comprised by at least one graphene or 
graphite sheet or by multi-walled carbon nanotubes. 55 

Together, an assembly of multi-walled carbon nanotubes can 

20 different long-channel nanocable devices with V,h abso
lute values typically in the range of 6-12 V range and PVRs in 
the range of 103 -106

. 

Short Channel C-Si02 SiC Nanocable Devices: 
When the nanocable charmel was shortened to below about 

1 f.tm, the two-terminal C-Si02-SiC nanocable electronic 
devices exhibited BIV behavior with lower V,h. As shown in 
FIG. 8, a C-Si02-SiC nanocable electronic device with a 

be considered to comprise a defect-ridden graphene sheet 
wrapping the dielectric core of the nanocable. 

Characterization of Two-Terminal C-Si02 SiC Nano
cable Electronic Devices: 

Each C-Si02-SiC nanocable-based two-terminal elec
tronic device was prepared and characterized as follows. 
C-Si02-SiC nanocables were dispersed in ethyl alcohol 
with the aid of sonication and then deposited on the surface of 
Si3 N4 - or Si02 -covered highly doped Si substrates via spin 
coating. The Si3N4 or Si02 dielectric layer was about 200 nm 
thick. Electrode terminals were then patterned over a depos-

channel length of 700 nm had BIV behavior at +5.2 V and 
-4.8 V with PVRs of 6500 and 2400, respectively. A 
C-Si02-SiC nanocable electronic device having a channel 

60 length of 430 nm exhibited BIV behavior at +4.2 V and -4.0 
V with PVRs of 7100 and 86000, respectively. Another 
C-Si02-SiC nanocable electronic device having a channel 
length of 280 nm displayed BIV behavior at +3.9 V and -4.0 
V with PVRs of 3000 and 1300, respectively, during a bias 

65 sweep from -5V to +5V. Based on the above results, the short 
channel C-Si02-SiC nanocable electronic devices have 
lower BIVV,h than do the long channel C-Si02-SiC nano-
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cable devices, although the BIV V,h is not directly propor
tional to channel length. A summary of the dependence ofV,h 
and PVR on C-Si02-SiC nanocable channel length is pre
sented in Table 1. 

18 
temperature memory reading performance of the C-Si02 -

SiC nanocable device shown in FIG. 13. After each write/ 
erase operation, the current of the device was consecutively 

Temperature Dependence ofBIV Behavior in C-Si02 - 5 

SiC Nanocable Electronic Devices: 

read at + 1 V for 1000 times, in contrast to the shorter read 
times employed in FIG. 13. 

Memory Performance of Short Channel C-Si02 SiC 
Nanocable Devices: The C-Si02-SiC nanocable devices showed high cur

rent flow at low bias (from a few flA to several hundred flA at 
1 V). The conductances of the nanocables were almost inde
pendent of gate voltages, where a highly-doped Si substrate 10 

was used as the back gate. To determine the nature of electri-

Due to the lower BIV V,h exhibited in the short channel 
C-Si02-SiC nanocable devices, a lower write/erase bias 
was generally needed for these devices to serve as memory. 
The memory performance of a C-Si02-SiC nanocable 

cal transport for the C-Si02-SiC nanocable devices, tem
perature dependent current-voltage profiles were obtained for 
several devices. The temperatures for these measurements 
ranged from room temperature (295 K) to about 100 K. The 15 

variable temperature conductance results showed little tem
perature effect on the electrical transport behavior of 
C-Si02-SiC nanocable devices, as shown in FIG. 10. The 
relatively invariant temperature behavior demonstrated in 
FIG. 10 is characteristic of graphene and metallic carbon 20 

nanotubes. 

device having a channel length of 280 nm is shown in FIGS. 
15 and 16. In each Figure, bias voltages of +2.5 V and +5 V 
were used as the write bias and erase bias, respectively. After 
each write/erase pulse for 1 s, the drain currents were con
secutively read for lOtimes (FIG.15) or lOOOtimes (FIG.16) 
at +1 V. The long term measurements indicated an ON/OFF 
ratio greater than 5.6xl04

, which was similar to that obtained 
for the analogous short term read (FIG. 15). This test demon
strated memory stability of the two-terminal C-Si02-SiC 
nanocable over the test lifetime. 

Example 2 

ON/OFF Bias Switching ofC-Si02-SiC 
Nanocable Electronic Devices 

The two-terminal C-Si02-SiC nanocable devices can 
be directly used for fast switching based on their BIV with 
high PVRs. To achieve an OFF state, the devices are operated 
at a relatively high reading bias (higher than V,h). The nano
cable electronic devices show distinct high- and low-conduc
tion states under different bias sweeping protocols. As 
revealed in FIG. 11, when a two-direction bias sweep (from 0 
V to 10 V and then back to 0 V) was applied to a C-Si02 -

SiC nanocable electronic device, the device exhibited BIV 
behavior similar to that described above for a one-direction 
bias sweep. Except for the first-time sweeping, the device was 
in a low-conduction state at a bias below 3.6 V, in a high
conduction state at a bias between 3.8-7.1 V, and in an inter
mediate but relatively low conduction state at a bias higher 
than 7.1 V. Based on this bistable conduction feature, the 
two-terminal C-Si02-SiC nanocable devices can be used 
in switching and memory applications. For example, a bias 
pulse higher than 7.1 V (for instance, 8 V) can be used as the 
erase bias 1101; a bias between 3.8-7.1 V (for instance, 4 V) 
can be used as the write bias 1102; and the low-conduction 
state and high-conduction state can be read at the same low
bias (for instance, 1 V) 1103. 

Memory performance testing for additional short channel 
nanocable devices are presented in FIGS. 17-19. The multi
cycle memory performance of a C-Si02-SiC nanocable 

25 device having a channel length of 430 nm is presented in FIG. 
17. The memory conduction states in this device were 
switched by a +3 V write bias pulse and a +6 V erase bias 
pulse. The ON/OFF ratio of memory was higher than 5xl04

. 

FIG. 18 shows the memory performance of a C-Si02-SiC 
30 nanocable device having a channel length of 360 nm. This 

device exhibited BIV behavior at -4.4 V and +4.9 V, with 
respective PVRs of12200 and 7100. With a write bias voltage 
of +3 V and an erase bias voltage of +6 V, the device exhibited 
an ON/OFF ratio greater than 6.0xl04

. FIG. 19 shows the 
35 memory performance of a C-Si02-SiC nanocable device 

having a channel length of700 nm. The BIV behavior of this 
device was previously presented in FIG. 8. In FIG. 19, two 
different pulse times (0.1 or 1 second) were used to turn the 
memory ON with a +3 V write bias pulse or OFF with a +6 V 

40 erase bias pulse. The results in FIG.19 showed that the shorter 
erasing pulse operation resulted in a higher OFF current, 
possibly due to an incomplete depletion process. In contrast, 
the ON currents did not show a clear difference. This result 
likely reveals that electron tunneling from C to SiC is faster 

45 than that from SiC to C. 

Example 3 

Memory Performance of Lone Channel C-Si02-SiC 50 

Nanocable Devices: 

C-Si02-Si and C-Si02 Nanocable Electronic 
Devices 

The memory performance of a C-Si02-SiC nanocable 
electronic device having a long channel length of 2.8 flill is 
shown in FIG. 12. As demonstrated in Example 1 above, this 
device exhibitedBIVbehavior at -8V and+ 7.2V withaPVR 55 

Two-terminal electronic devices built with C-Si02-Si 
or C-Si02 nanocables were fabricated and tested for com
parison to the C-Si02-SiC nanocable electronic devices 
described above. These devices were constructed as follows. 

about 6700 for both V,h. The ON/OFF memory states for this 
device could be switched by a +5 V write bias pulse for 1 sand 
+lOY erase bias pulse for 1 s, with an ON/OFF ratio of about 
1.4xl 05

. After each write/erase operation, the deive current 
was read ten times consecutively at + 1 V. Additional long 
channel C-Si02-SiC nanocable device memory perfor
mance curves are presented in FIGS. 13 and 14. FIG. 13 
shows the performance of a long channel C-Si02-SiC 
nanocable device having a channel length of 4.5 flill· A pulse 
of +5 V for 1 s turns the device to the high-conduction ON 
state, and a + 15 V pulse for 1 s changes the device to a 
low-conduction OFF state. FIG. 14 shows long term room-

Preparation ofC-Si02-Si and C-Si02 Nanocables: 
Single-crystal intrinsic silicon nanowires (SiNWs) were 

prepared by an Au-catalyzed CVD method in which SiC14 

was used as the Si source. A 5 nm Au thin film on a Si(l 00) 
60 substrate was used as the catalyst. Catalytic growth ofSiNW s 

occurred upon introducing a mixture of SiC14 , H2 and Ar 
gases to the catalyst at 850° C. The as-synthesized SiNW s 
were 50-120 nm in diameter. To synthesize nanocables, the 
SiNWs were etched in 10% HF etchant for 5 min to com-

65 pletely remove native oxide. The SiNWs were then dry oxi
dized in air at 850° C. for 15 min to form a thin layer of Si02 

approximately 5 nm in thickness for use in forming 
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C-Si02-Si nanocables. Oxidation at 1050° C. for 2 hours 
20 

33 nA at 6.88 V, exhibiting a PVR of about 5200. The device 
then remained in a low-conduction state as the bias was 
increased to 8 V, exhibiting similar behavior to that observed 
during the first sweep. A third bias sweep from 0 V to 8 V 

to produced Si02 nanowires for use in forming C-Si02 

nanocables. A graphitic C layer was coated on the outer 
surface of Si02-Si nanowires or Si02 nanowires by the 
thermal decomposition of C2 H2 , diluted with H2 , at 900° C. 
for 3 min in a tube furnace. Two-terminal nanocable devices 
were thereafter fabricated using a similar photolithography 
route as described hereinabove for C-Si02-SiC nanocable 
devices 

5 produced a similar current-voltage curve. The reverse bias 
sweep from 8 V to 0 V followed the forward bias sweep from 
0 V to 8 V, and the device regained its high-conduction state 
during the reverse sweep. With the forward bias sweeping, the 
device remained in its low-conduction state at low-bias until 

Performance of Two-Terminal C-Si02-Si Nanocable 
Electronic Devices in the Presence of a Bias Voltage Sweep: 

10 the bias increased to 3.19 V, where the current jumped from 
25 nAto 41 flA at 3.24 V. The device remained in its high
conduction state when the bias was increased from 3.24 V to 
6.76 V. When the bias was slightly higher than 6.76 V, the 
current sharply decreased from 172 flA at 6.76 V to 10 nA at 

Electrical property measurements showed that two-termi
nal C-Si02-Si nanocable devices exhibited BIV proper
ties similar to those observed for the C-Si02-SiC nano
cable devices described hereinabove. As shown in FIG. 20, a 
C-Si02-Si nanocable device having a channel length of 
1.7 flill and a nanocable diameter of 110 nm showed typical 
BIV characteristics. The negative bias V,h of the device was 
-6.6 V and the positive bias V,h was + 7.5 V, with PVRs of 
2900 and 9700, respectively. Also shown in FIG. 20, a 
C-Si02-Si nanocable device having a channel length of 
1.9 flill showed a negative bias V,h of -10.5 V and a positive 
bias V,h of +11.1 V, with PVRs of 1700 and 2100, respec
tively. Also shown in FIG. 20, a C-Si02-Si nanocable 
device with a channel length of2.0 flill showed a negative bias 25 

V,h of -9.6Vanda positive biasV,h of +11.4 V, withPVRs of 
1000 and 1100, respectively. 

15 6.95 V, and the device remained in a low-conduction state. 
During the reverse sweep, the device stayed in its low-con
duction state until the bias reached 6.04 V where the current 
jumped from 26 nA to 118 flA at 5.99 V. Then the device 
remained in its high-conduction state when the bias decreased 

20 to 0 V. 

Memory Performance of Two-Terminal C-Si02-Si 
Nanocable Electronic Devices: 

Memory Performance of Two-Terminal Nanocable Elec
tronic Devices: 

C-Si02 nanocable electronic devices also show bistable 
memory switching behavior. FIG. 25 demonstrates the BIV 
read/write performance of a C-Si02 nanocable device hav
ing a channel length of 2.5 flill and a nanocable diameter of 
110 nm. FIG. 26 shows the bistable memory switching per
formance of the same device switched to the high-conduc
tance ON state with a pulse of +4 V and the low conductance 

As shown in FIG. 21, the C-Si02-Si nanocable devices 
showed bistable memory switching behavior similar to that 
observed for the C-Si02-SiC nanocable devices. In the 
embodiment shown in FIG. 21, the C-Si02-Si two-termi
nal nanocable memory was turned ON by a pulse of +4 V for 

30 OFF state with a pulse of +8\1, each pulse being conducted for 
1 ms. After each write-erase operation, the device was read 
consecutively at + 1 V ten times. For the C-Si02 nanocable 
device presented in FIG. 26, the average ON/OFF ratio of this 

1 s and turned OFF by a pulse of +8 V for 1 s, leading to an 35 

ON/OFF ratio higher than 1x105
. 

Performance of Two-Terminal C-Si02 Nanocable Elec
tronic Devices in the Presence of a Bias Voltage Sweep: 

device is 4.6x105
. 

FIG. 27 presents the BIV read/write performance of 
another C-Si02 nanocable device having a channel length 
of 1.9 flill and a nanocable diameter of 110 nm. As presented 
in FIG. 28, a pulse of +4 V for 1 ms turns the device to the 
high-conduction ON state, and a pulse of +6 V for 1 ms 

40 returns the device to the low conduction OFF state. After each 
BIV behavior was also exhibited by two-terminal C-Si02 

nanocable devices. As displayed in FIG. 22, a C-Si02 nano
cable device with a channel length of 2.6 flill showed typical 
BIVbehaviorwith a negative bias V,h of -6.5 V and a positive 
bias V,h of+ 7.3 V. FIG. 23 shows the BIV behavior of another 
C-Si02 nanocable device with a 2.5 flill channel length and 
nanocable diameter of 110 nm. The negative bias V,h for this 45 

device was -5.5 V, and the positive bias V,h was 6.0 V. The 
PVR was 1.15x105

. In FIG. 23, a gate bias was set at -20, 0, 
or +20 V, although application of a gate bias did little to 
influence the C-Si02 nanocable device performance. For 
the gate bias analyses presented in FIG. 23, the Si substrate of 50 

the device served as the gate electrode. FIG. 24 shows a bias 
sweeping sequence for another C-Si02 nanocable device 
having a channel length of 2.4 flill over 5 bias sweep cycles. 

The detailed pulse sequence presented in FIG. 24 follows: 
During the first bias sweep from 0 V to 8 V (2401), the 55 

C-Si02 nanocable device first remained in a high-conduc
tion state at low bias, but the current sharply decreased from 
a peak of 125 flA at 6.35 V to a valley of 16.5 nA at 6.4 V, 
exhibiting a PVR of about 7 500. The device then remained at 
a low-conduction state as the bias was increased to 8 V. 60 

Subsequent bias sweeps from 0 V to 8 V followed different 
current-voltage curves. During the second bias sweep from 0 
to 8 V, the device first remained in a low-conduction state at 
low bias, but the current sharply jumped from 3 7.5 nA at 3.06 
V to 41.2 flA at 3.12 V. The device remained in the high- 65 

conduction state until the bias increased to 6.84 V, where the 
current sharply decreased from a peak of 171 flA to a valley of 

write/erase operation, the device current was read consecu
tively at +1 V 1000 times. The average ON/OFF ratio was 
4.4x107

. 

FIG. 29 presents the BIV read/write performance of 
another C-Si02 nanocable device having a channel length 
of2.6 flill and a nanocable diameter of 140 urn. The bistable 
memory switching performance of this device is shown in 
FIG. 30. As shown in FIG. 30, a pulse of +4 V for 1 ms turns 
the device to the high conduction ON state, and a pulse of +8 
V for 1 ms returns the device to the low conduction OFF state. 
After each write/erase operation, the device was read con
secutively at +1 V five times. After 1000 cycles of write-read 
and erase-read operations, there was no degradation in the 
ON/OFF current readings. The average ON/OFF ratio was 
7.9x106

. 

FIG. 31 presents the BIV behavior of another C-Si02 

nanocable device having a channel length of 1.5 flill and a 
nanocable diameter of200 nm. The bistable memory switch
ing performance of this device is shown in FIG. 3 2. As shown 
in FIG. 32, a pulse of +6 V for 1 flS is turns the device to the 
high conduction ON state, and a pulse of +8 V for 100 flS 
returns the device to the low conduction OFF state. After each 
write/ erase operation, the device was read consecutively at + 1 
V ten times. The average ON/OFF ratio was 3.1x103

. 

Although most the data presented herein for nanocable elec
tronic devices is for 1 ms bias pulses, the data presented in 
FIG. 32 indicates that the devices can operate much faster. At 
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shorter pulse times, however, a decrease in ON/OFF ratio was 
observed, and an increasing OFF current resulted. The ON 
current was relatively invariant under the pulse conditions, 
which suggests that writing may be performed using shorter 
pulses than erasing. 

22 

Without being limited by theory or mechanism, the results 
presented hereinabove for C-Si02-SiC, C-Si02-Si, 
and C-Si02 nanocable electronic devices collectively indi
cate that the outer graphene/graphite layer predominantly 
influences the BIV properties of the electronic devices. Con- 10 

trol of the BIV properties may be influenced by a phase or 
structure change of the outer graphene/graphite layer as dis
cussed in more detail hereinbelow. 

can be seen in FIG. 37, electric breakdown occurred at a 
defect site. Recovery of conduction was not attainable for the 
MWCNT-based device. Similar defect site electrical break
down occurred on the outer graphitic layer of a C-Si02 

nanocable device similar to those presented hereinabove. As 
shown in FIG. 38, the diameter of G-Si02 nanocable thinned 
at the indicated section (image 3802) as compared to pre
breakdown image 3801. Characteristic breakdown-related 
features were found in all nanocables displaying BIV behav-
ior, following application of a voltage bias. In contrast, 
devices for which no BIV behavior was observed did not 
produce notable differences between the SEM or AFM 
images recorded before and after electrical property measure
ments. 

Example 4 

Performance ofC-Si02 Nanocable Electronic 
Devices Under Different Testing Conditions 

Two C-Si02 nanocable devices were subjected to 
extended testing under conditions other than the typical high 
vacuum sample storage environment. FIG. 33 presents data 
obtained for two of the devices under these different testing 
conditions. BIV behaviors of these two devices before expo
sure to these different testing conditions are presented in 
FIGS. 34 and 35. As shown in FIG. 33, one device was set to 
the OFF state with a +8 V pulse for 1 ms, and the other device 
was set to the ON state by a +6 V pulse for 1 ms. The device 
currents were then read consecutively every day at + 1 V ten 
times. Some of the testing was performed at 200° C. (data not 
shown), and there was no degradation in the devices or their 
memory retention properties. After five days, both devices 
were exposed to ambient air for 24 hours and then returned to 
high vacuum conditions for testing. After eleven days, both 
devices were irradiated with 1 Grad(Si) of X-rays and 
returned to high vacuum conditions for testing. As shown in 
FIG. 34, none of the extreme exposure conditions had signifi
cant effect on either the ON or OFF currents. The level of 
radiation exposure provided to the samples is higher than that 
of the typical failure rate of conventional memory devices 
relying on charge storage, such as flash memories. Thus, the 
nanocable electronic devices disclosed herein provide advan
tageous radiation stability. 

Not being limited by theory or mechanism, the current 
15 understanding of BIV behavior of nanocable devices based 

on graphene or graphite (G-based nanocable devices) results 
from voltage-induced breakdown damage at defect areas in 
the graphene or graphite shells. Switching of a nanoelectro
mechanical (NEM) nature at these sites is proposed. In 

20 MWCNT-based electronic devices, separated parts likely 
move apart after electrical breakdown, forming gaps of up to 
20 nm in length, which are unlikely to restore conductance in 
the proposed mechanism. In contrast, in G-based nanocable 
devices, broken graphenic or graphitic sheets may remain 

25 very close to each other since they stick to the solid nanocable 
core. This allows for their rejoining under the electrostatic 
attraction when an axial electric field is applied. Thus, a 
relay-like voltage-induced opening/closing, accompanied 
with the erase/write operation, results in the BIV behavior of 

30 nanocables. A schematic of the proposed switching mecha
nism based on current mechanistic understanding is depicted 
in FIG. 39 where a weakest-defect section or sections are 
responsible for the switching. In FIG. 39, as synthesized 
graphenic or graphitic sheet 3901 is opened after application 

35 of a bias voltage to produce open defect 3902. The open 
defect 3903 is closed during writing and returned to open 
defect 3904 after erasing. In the proposed NEM mechanism 
presented here, motion of individual graphenic or graphitic 
sheets is on a near-atomic scale, and the switching thus 

40 resembles what is typically considered a filamentary effect. 

Example 6 

FIG. 36 shows SEM images of the C-Si02 nanocable 
devices presented in FIG. 33 both before and after electrical 45 

property measurements presented hereinabove. Pre-testing 
image 3601 is for the C-Si02 nanocable device set to the 
OFF state in FIG. 33. Pre-testing image 3602 is for the 
C-Si02 nanocable device set to the ON state in FIG. 33. 
Post-testing image 3603 is for the C-Si02 nanocable device 50 

set to the OFF state in FIG. 33. Post-testing image 3604 is for 
the C-Si02 nanocable device set to the ON state in FIG. 33. 
The regions of inset in images 3603 and 3604 are denoted by 
arrows in the respective images. Images 3603 and 3604 show 

Temperature Dependent Current-Voltage Behavior of 
C-Si02 Nanocable Electronic Devices 

The proposed NEM switching mechanism of C-Si02 

nanocable electronic devices comprising graphite or 
graphene is further supported by temperature dependent cur
rent-voltage studies. As shown in FIG. 40, the BIV switching 
of a C-Si02 nanocable electronic device comprising graph-
ite fluctuated about 1 V in the ON and OFF voltages over the 
temperature range 250-400 K. At about 200 K, the switching 
behavior changed. The BIV characteristics of the C-Si02 

a defect site following testing. 

Example 5 

Investigation of Defect Sites with Respect to BIV 
Behavior in C-Si02 Nanocable Electronic Devices 

55 nanocable device remained unchanged during the forward 
bias sweep from 0 to 10 V, but it remained in its low-conduc
tion state during a reverse bias sweeping from 10 V to 0. The 
temperature dependence of graphitic sheet switching at low 
temperature again suggests a NEM effect. 

60 

Two-terminal electronic devices with CVD-synthesized 
MWCNTs comprising the devices were prepared to compare 
their electrical behavior to that of C-Si02 nanocable elec
tronic devices. FIG. 37 shows the SEM images of a two- 65 

terminal MWCNT-based electronic device as prepared (im
age 3701) and after electrical breakdown (image 3702). As 

Example 7 

Memory Performance of Two-Terminal Electronic 
Devices 

A two-terminal electronic device having a carbon layer 
was fabricated according to the general procedure outlined 
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hereinabove and demonstrated previously in FIG. 4. The two
terminal electronic device exhibited BIV properties, which 
were similar to those observed for C-Si02 , C-Si02-Si 
and C-Si02-SiC nanocable devices previously described 
hereinabove. FIG. 41 shows SEM images of the two-terminal 
electronic device both before (pre-testing image 4101) and 
after (post-testing image 4102) electrical breakdown. The 
breakdown damage region 4103 in image 4102 is denoted by 
an arrow. Changes in the appearance of two-terminal elec
tronic device observed after electrical property measure- 10 

ments were similar to the changes in the appearance of nano
cable devices observed after electrical property 
measurements shown in FIG. 36 and FIG. 37. 

As shown in FIG. 42, a two-terminal carbon layer elec
tronic device having achannellengthof2 fllll, a widthof2 f.tm 15 

and a carbon layer thickness of 20 nm showed typical BIV 
characteristics. The positive bias V,h was +10.9 V. The 
bistable memory switching performance of this device is 
shown in FIG. 43. As shown in FIG. 43, a pulse of +8 V for 1 
flS turned the device to the high conduction ON state, and a 20 

pulse of +15 V for 1 flS returned the device to the low con
duction OFF state. After each write/erase operation, the 
device was read consecutively at + 1 V 10 times. After 10000 
cycles of write-read and erase-read operations, there was no 
degradation in the ON/OFF current readings. The average 25 

ON/OFF ratio was 9.3x106
. 

From the foregoing description, one skilled in the art can 
easily ascertain the essential characteristics of this disclosure, 
and without departing from the spirit and scope thereof, can 
make various changes and modifications to adapt the disclo- 30 

sure to various usages and conditions. The embodiments 
described hereinabove are meant to be illustrative only and 
should not be taken as limiting of the scope of the disclosure, 
which is defined in the following claims. 

What is claimed is the following: 
1. An electronic device comprising: 
a dielectric material; 

35 

24 
6. The electronic device of claim 3 further comprising: 
a gate electrode distinct from the source and the drain; and 

wherein the gate electrode influences performance of the 
semiconductor. 

7. The electronic device of claim 1, wherein the at least one 
carbon sheet is deposited at a temperature between about 
400° C. and about 900° C. 

8. The electronic device of claim 7, wherein the at least one 
carbon sheet is deposited at a temperature between about 
800° C. and about 900° C. 

9. The electronic device of claim 1, wherein the at least one 
carbon sheet is deposited from a gas comprising at least one 
carbon -containing compound. 

10. The electronic device of claim 9, wherein the at least 
one carbon-containing compound is selected from a group 
consisting of acetylene, ethylene, methane, ethane, carbon 
monoxide, and combinations thereof. 

11. The electronic device of claim 9, wherein the gas fur
ther comprises hydrogen. 

12. The electronic device of claim 1, wherein the at least 
one carbon sheet is deposited by a process selected from a 
group consisting of ink-jet printing and solution-spin coating. 

13. The electronic device of claim 12, wherein the at least 
one carbon sheet is comprises a material selected from a 
group consisting of graphene, graphite, and combinations 
thereof. 

14. The electronic device of claim 1, wherein the source 
and the drain are constructed from at least one material 
selected from a group consisting of platinum, palladium, 
gold, silver, silicon, gallium arsenide, titanium, tin, copper, 
and combinations thereof; and 

the selections of the at least one material for the source and 
for the drain are conducted independently. 

15. The electronic device of claim 1, wherein the nonlinear 
current-versus-voltage response comprises a change in cur
rent between about 10-fold and 109

- fold over a voltage sweep 
range of about 0.5 V. 

two electrode terminals, wherein a first of the two electrode 
terminals comprises a source and a second of the two 
electrode terminals comprises a drain; 

at least two independent carbon sheets forming a discon
tinuous carbon layer disposed between the two electrode 
terminals, wherein the discontinuous carbon layer is 
deposited on the dielectric material, said at least two 
independent carbon sheets are selected from a group 
consisting of graphene, graphite, and combinations 
thereof, and the electronic device exhibits a nonlinear 
current-versus-voltage response when operated over a 
voltage sweep range; and 

16. The electronic device of claim 15, wherein the nonlin-
40 ear current-versus-voltage response comprises a change in 

current between about 105
- fold and 109

- fold over a voltage 
sweep range of about 0.5 V. 

a channel length between the two electrode terminals, 
wherein the channel length is less than 1 f.tm, and the 
nonlinear current-versus-voltage response comprises at 
least about a 10-fold change in current over a voltage 
sweep range of about 0.5 V. 

2. The electronic device of claim 1, wherein the dielectric 
material is selected from a group consisting of silicon diox
ide, silicon nitride, glass, and plastic. 

3. The electronic device of claim 1 further comprising: 
a semiconductor; and 
wherein the dielectric material maintains continuous con

tact with the semiconductor. 
4. The electronic device of claim 3, wherein the semicon

ductor is selected from a group consisting of silicon, silicon 
carbide, gallium arsenide, and germanium. 

5. The electronic device of claim 3, wherein the semicon
ductor comprises a stacked silicon-on-insulator structure. 

17. The electronic device of claim 1, wherein the electronic 
device is operated over a voltage sweep range of less than 

45 about 15 V. 
18. The electronic device of claim 17, wherein the elec

tronic device is operated over a voltage sweep range of less 
than about 5 V. 

19. The electronic device of claim 18, wherein the elec-
50 tronic device is operated over a voltage sweep range of less 

than about 1 V. 

55 

60 

65 

20. The electronic device of claim 1, wherein the electronic 
device comprises a two-terminal memory device having an 
ON/OFF memory state. 

21. The electronic device of claim 20, wherein the ON/OFF 
memory state has an ON/OFF ratio of at least about 10:1 for 
measuring recorded currents in the ON and OFF states. 

22. The electronic device of claim 1 further comprising: 
a gate electrode above the at least one carbon sheet; and 

wherein the gate electrode modifies current flow through 
the at least one carbon sheet. 

23. The electronic device of claim 1 further comprising: 
a gate electrode below the at least one carbon sheet; and 

wherein the gate electrode modifies current flow through 
the at least one carbon sheet. 

24. The electronic device of any one of claim 1, 22 or 23 
wherein the electronic device comprises a logic switch. 
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25. The electronic device of claim 1, wherein the electronic 
device is constructed on a planar silicon wafer. 

26. The electronic device of claim 1 further comprising: 
at least one nanowire; and 

wherein the at least one nanowire lies between the 
source and the drain. 

27. The electronic device of claim 1, wherein the dielectric 
material and the carbon sheets form a nanocable, wherein the 
nanocable comprises at least two layers of material. 

28. The electronic device of claim 1, wherein the electronic 10 

device comprises a sensor. 
29. The electronic device of claim 1 or claim 28, wherein 

the at least one carbon sheet is chemically functionalized with 
covalent bonds. 

30. The electronic device of claim 29, wherein the covalent 15 

bonds connect the at least one carbon sheet to at least one 
moiety chosen from a group consisting of alkyls, arenes, 
saccharides, peptides, nucleotides, halides, and combinations 
thereof. 

31. The electronic device of claim 29, wherein operation of 20 

the electronic device within the voltage sweep range pro
motes formation of the covalent bonds. 

26 
positioning two electrode terminals on the dielectric mate

rial; 
wherein the at least two independent carbon sheets lie 

between the two electrode terminals to form a chan
nel, and a charmellength between the two electrode 
terminals is less than 1 f.tm; 

wherein the electronic device provides a nonlinear cur
rent-versus-voltage response comprises at least about 
a 10-fold change in current over a voltage sweep 
range of about 0.5 V; and 

wherein a first of the two electrode terminals comprises 
a source and a second of the two electrode terminals 
comprises a drain. 

42. The electronic device prepared by the process of claim 
41 further comprising: 

applying a voltage sweep between the two electrode termi
nals; and 
wherein the voltage sweep produces a nonlinear current

versus-voltage response. 
43. The electronic device prepared by the process of claim 

41, wherein the at least one carbon sheet is selected from a 
group consisting of graphene and graphite. 32. The electronic device of claim 1 or claim 28, wherein 

the at least one carbon sheet is modified through non-covalent 
bonding. 

33. The electronic device of claim 32, wherein the non
covalent bonding comprises adsorption of at least one moiety 

44. The electronic device prepared by the process of claim 
25 41, wherein the dielectric material is selected from a group 

consisting of silicon dioxide, silicon nitride, glass, and plas
tic. 

to the at least one carbon sheet; and 
wherein the at least one moiety is chosen from a group 

consisting of alkyls, arenes, saccharides, peptides, 
nucleotides, halides, styrenes, and combinations 
thereof. 

45. The electronic device prepared by the process of claim 
41, wherein the dielectric material maintains continuous con-

30 tact with a semiconductor. 

34. The electronic device of claim 32, wherein operation of 
the electronic device within the voltage sweep range pro
motes modification through the non-covalent bonding. 

35. The electronic device of claim 1 or claim 28, wherein 
operation of the electronic device within the voltage sweep 
range promotes displacement of at least one molecule from 
the at least one carbon sheet. 

35 

36. The electronic device of claim 35, wherein the at least 40 

one molecule comprises at least one analyte. 
37. An analytical method comprising: 
providing the electronic device of claim 1; 
operating the electronic device over a voltage sweep range; 

wherein the operating step occurs in the presence of at 45 

least one analyte; and 
observing current-versus-voltage performance of the elec

tronic device in the presence of the at least one analyte. 
38. The analytical method of claim 37, wherein the at least 

one analyte becomes bound to the at least one carbon sheet 50 

during the operating step. 
39. The analytical method of claim 38 further comprising: 
removing the at least one analyte from the at least one 

carbon sheet after the operating step. 
40. The analytical method of claim 37 further comprising: 55 

comparing current-versus-voltage performance of the 
electronic device in the absence of the at least one ana
lyte to the current-versus-voltage performance in the 
presence of the at least one analyte. 

41. An electronic device prepared by a process comprising: 60 

providing a dielectric material; 

46. The electronic device prepared by the process of claim 
45, wherein the semiconductor is selected from a group con
sisting of silicon, silicon carbide, gallium arsenide, and ger
mamum. 

47. The electronic device prepared by the process of claim 
45, wherein performance of the semiconductor is influenced 
by a gate electrode; and 

wherein the gate electrode is distinct from the source and 
the drain. 

48. The electronic device prepared by the process of claim 
41, wherein the depositing step is performed with a gas com
prising at least one carbon-containing compound. 

49. The electronic device prepared by the process of claim 
41, wherein the depositing step is performed by ink-jet print
ing. 

50. The electronic device prepared by the process of claim 
41, wherein the depositing step is performed by solution-spin 
coating. 

51. The electronic device prepared by the process of claim 
41, wherein the source and the drain are constructed from at 
least one material selected from a group consisting of plati
num, palladium, gold, silver, silicon, gallium arsenide, tita
nium, tin, copper, and combinations thereof; and 

the selections of the at least one material for the source and 
for the drain are conducted independently. 

52. The electronic device prepared by the process of claim 
41, wherein the nonlinear current-versus-voltage response 
comprises a change in current between about 10-fold and 
109 -fold over a voltage sweep range of about 0.5 V. 

53. The electronic device prepared by the process of claim 
52, wherein the nonlinear current-versus-voltage response 
comprises a change in current between about 105

- fold and 
109 -fold over a voltage sweep range of about 0.5 V. 

depositing at least two independent carbon sheets on the 
dielectric material, wherein said at least two indepen
dent carbon sheets are selected from a group consisting 
of graphene, graphite, and combinations thereof; 
wherein the at least two independent carbon sheets form 

54. The electronic device prepared by the process of claim 
65 41 further comprising: 

a discontinuous carbon layer; and 
placing a gate electrode above the at least one carbon sheet; 

and 
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wherein the gate electrode modifies current flow through 
the at least one carbon sheet. 

55. The electronic device prepared by the process of claim 
41 further comprising: 

placing a gate electrode below the at least one carbon sheet; 5 

and 
wherein the gate electrode modifies current flow through 

the at least one carbon sheet. 
56. The electronic device prepared by the process of claim 

41 further comprising: 10 

chemically functionalizing the at least one carbon sheet 
with covalent bonds. 

57. The electronic device prepared by the process of claim 
41 further comprising: 

chemically modifying the at least one carbon sheet with 15 

non-covalent bonds. 
58. The electronic device prepared by the process of claim 

41, wherein the at least one carbon sheet is formed in situ on 
the dielectric material. 

* * * * * 
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