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Abstract. In this first part of the article, basics of field emission will be presented which 
will be utilized within the second part of the article for the architecture effectuation of new 
Carbon Nanotube (CNT) – based controlled nano switches. To implement the field 
emission CNT – based controlled switch, four field emission CNTs that have single carbon 
nanotubes as the emitters were tested; two with single-walled CNT and two with multi-
walled CNT. A tube with a tungsten tip was also used for comparison. The Fowler-
Nordheim analysis of the DC current-voltage data provided reasonable values for the 
sizes and local fields of emitters. It is also shown within the new implementation of the 
controlled switch that square-wave pulses from a single laser diode with 20 mW power 
and 658 nm wavelength which is focused on each emitter increased the emitted current by 
5.2% with the CNT and 0.19% with the compared tungsten tip. 
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1. INTRODUCTION 

The field of nanotechnology is a new interdisciplinary field of research that cuts 
across several fields of electronics, chemistry, physics and biology, which analyzes and 
synthesizes systems in the nano scale (10-9 m) such as nanoparticles, nanowires and 
carbon nanotubes (CNTs) [4,7,8,14,15,17,29,30,33,35,44]. The CNT technology is one of 
the several cutting-edge emerging technologies within nanotechnology, showing high 
efficiency and very wide range of applications in several various fields in science and 
technology [3-7,9,12,14,15,17,24,28,30,35,36,41,44]. Recent examples of such applications 
include: (1) TVs based on field-emission of CNTs that consume much less power, are 
thinner and have a much higher resolution than the best plasma-based TVs available, and 
(2) nanocircuits based on CNTs such as CNT Field Effect Transistors (FETs) that show 
big potentials for consuming less power and are much faster than the available silicon-
based FETs. 
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Recently conducted simulations and experiments have shown that photomixing (i.e., 
optical heterodyning) in laser-assisted field emission could be used as a new microwave 
or terahertz (THz) source with a multi-octave bandwidth [1,11,13,23-26,29,31,34,37,38]. 
The field emitter tip used is much smaller than the wavelength of the incident optical 
radiation so quasi-static conditions require that the electric field of the radiation is 
superimposed on the applied static field to modulate the height of the energy barrier. 
Electrons tunnel from the tip into vacuum with a delay  of less than 2 fs. Therefore, 
because the current-voltage characteristics of field emission are extremely nonlinear, it is 
shown that if two lasers are focused on the tip, the mixer current follows each cycle of the 
difference frequency of the two lasers from DC up to 500 THz (which is equal to 1/). It 
is also shown that the tip will withstand the applied static fields which are as high as 9 
V/nm, so that incident laser radiation with comparable field strengths could produce a 
bright source of microwave or THz radiation.  

Carbon nanotubes are excellent field emitters [9,10,13,16,19,29,36,38,39,41] and 
facilitate the miniaturization of electronic devices [3,4,6-9,15,17,24,26-28,30,33,35,36,41]. 
Furthermore, the kinetic inductance of CNT causes them to be high impedance (approximately 
5 k) transmission lines [28], and has shown that this effect can be used for the efficient 
broadband matching to the high impedance that is inherent in field emission. The static and 
dynamic characterizations of field emitters which consist of a single CNT, both single-walled 
(SWCNT) and multi-walled (MWCNT) were described [29] and the comparison to a field 
emitter consisting of an etched single crystal of tungsten was also performed.  

This paper introduces a novel CNT field emission – based device that implements one 
fundamental building block in logic synthesis – the controlled switch [2,32,43], and the 
use of the new device in many-valued computations is also shown for the important case 
of ternary Galois logic (GF3). Fig. 1 illustrates the layout of the introduced CNT-based 
system design methodology. Layer 1 shows the underlying utilized Galois field algebra. 
Layer 2 illustrates the field emission physics used in the operation of the new device. 
Layer 3 shows the technology of carbon nanotubes which is used in the synthesis of the 
new field emission – based device, and layers 4 - 6 show the hierarchical implementation 
of applications into the system level.  
 

Nano System Applications 
Nano Circuits 
Nano Devices  

Carbon Nanotube Technology 
Field-Emission Physics 
Galois Field Algebra 

 

Fig. 1. The introduced and utilized CNT-based implementation hierarchy. 

Basic background on CNT is presented in Section 2. The description and static 
characterization of the CNT-based field emitters along with the required experimental 
measurements that characterize the time-dependent response of field emission by single 
carbon nanotubes are presented in Section 3. Conclusions are presented in Section 4. 
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2. CARBON NANOTUBES 

Carbon nanotubes have attracted attention in recent years not only for their relatively 
small dimensions and unique morphologies, but also for their potential implementations in 
many current and emerging technologies [3-9,12,14,15,17,24,28-30,33,35,36,41,44]. The 
CNT is made from graphite [8,14,15,17,30,33]. It has been observed that graphite can be 
formed in nano-scale in three forms: (1) Carbon Nanoball (CNB) (or buckyball) – a 
molecule consisting of 60 carbon atoms (C60) that are arranged in the form of a soccer 
ball; (2) Carbon Nanotube (CNT) – a narrow strip of tiny sheet of graphite that comes 
mainly in two types: (a) multi-wall CNT (MWCNT) where each CNT contains several 
hollow cylinders of carbon atoms nested inside each other, and (b) single-wall CNT 
(SWCNT) that is made of a single layer of carbon atoms; and (3) Carbon Nanocoil (CNC) 
[8,14,15,17,30,33].  

The CNT, which is a cylindrical sheet of graphite, is formed geometrically in two 
distinct forms which affect the corresponding CNT properties: (1) straight CNT in which 
a CNT is formed as a straight cut from a graphite sheet and rolled into a carbon nanotube, 
and (2) twisted CNT in which a CNT is formed as a cut at an angle from a graphite sheet 
and rolled into a carbon nanotube. Fig. 2 shows a typical carbon nanoball (i.e., 
buckyball), SWCNT, and Scanning Electron Microscopy (SEM) image of chemical vapor 
deposition (CVD) grown array of MWCNT towers. 

          
                 (a)                                          (b)                                       (c) 

 

Fig. 2. Various formations and shapes of CNTs: (a) carbon nanoball (i.e., buckyball), 
(b) single-wall CNT, and (c) an image from the Scanning Electron Microscopy (SEM) 
of chemical vapor deposition (CVD) grown array of multi-walled CNT towers. 

The newly emerging CNT technology has been implemented in many new promising 
applications [3-9,12,14,15,17,24,28-30,33,35,36,41,44]. This includes (1) TVs that are 
based on the field emission of CNTs that consume much less power, are thinner, and have 
a much higher resolution than the best plasma-based TVs available, (2) nano circuits 
based on CNTs such as CNT-based FETs that consume less power and are much faster 
than the available silicon-based FETs, (3) Carbon nanocoils that can be used as inductors 
in nanofilters and as nanosprings in nano dynamic systems, and (4) CNT rings. The CNT 
has also potential exciting applications such as (1) CNT probes, (2) new composite 
materials, (3) CNT data storage devices capable of storing 1015 bytes/cm2, (4) drug 
delivery systems, (5) nano lithography, and (6) CNT gears in which larger gears drive 
smaller gears or vice versa. Fig. 3 shows an important example of a CNT application in 
electronic systems as a channel in a field effect transistor. 
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Fig. 3. The use of the CNT as a channel in FET devices. 

The CNT growth, as observed using (1) Transmission Electron Microscopy (TEM), 
(2) Atomic Force Microscopy (AFM) and (3) Scanning Electron Microscopy (SEM), re-
quires processes with correct conditions and materials. Currently, several methods for 
growing various types of CNTs exist [8,14,15,17,30,33]. This includes: (1) a big spark 
between two graphite rods, few millimeters apart, which are wired to a power supply in 
which a 102 Ampere spark between the two rods vaporizes carbon into hot plasma which 
partially re-condenses into the form of a CNT, (2) chemical vapor deposition (CVD) of a 
hot gas such as methane in which a substrate is placed in an oven, then the oven is heated 
to approximately 600 degrees Celsius and slowly methane is added; as methane decom-
poses, it frees carbon atoms that partially re-compose into the form of 0.6-1.2 nm in di-
ameter SWCNTs, and (3) a laser blast of a graphite target in which laser pulses blast a 
graphite rod which generates hot carbon gas from which CNT forms.  

Although the CNT has been grown into several forms, CNT use is still limited as com-
pared to other wide spread technologies. This is mainly due to the fact that (1) it is still diffi-
cult to control exactly CNT growth into desired forms and (2) CNT growth is still very ex-
pensive due to the low yield of CNTs that meet the desired geometrical specifications (cf. 
the cost property in Table 1). The existing and rapidly growing wide usability of CNTs in 
several applications is due to the unique structural properties they possess. Table 1 summa-
rizes most of these properties as compared to traditional counterparts [4].  

For example, the field emission property is used in the recently developed highly effi-
cient CNT-based TV and is used in newly developed prototype vacuum tube lamps in six 
colors that are twice as bright as conventional light bulbs, longer-lived and at least ten 
times more energy-efficient. The properties of current carrying capacity, thermal stability, 
power consumption and electron scattering qualify the CNT for very promising future use 
in highly efficient power transmission. The property of preserving the electron spin will 
be utilized in using the CNT for reliable quantum-based computations. The size property 
is very useful for using CNTs as nanowires that would result in decreasing the total size of 
areas and volumes that are occupied by wires and interconnects in the corresponding inte-
grated circuits. The property of resilience is useful in building circuits and structures that 
have to maintain stress without structural damages. The CNT property of energy band 
gaps qualifies CNTs to be used in wide applications that require wide range of energy 
band gaps from the conductor state to the semiconductor state. 

3. CARBON NANOTUBE - BASED FIELD EMITTERS 

This section presents important functional modeling of field emitters and the corre-
sponding experimental setups and measurements that characterize the time-dependent 
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response of CNT-based field emission from which the operation of the new CNT field 
emission – based device will be demonstrated in the second part of this paper. 

Table 1. Carbon nanotube properties. 

Property Single-Walled CNT By Comparison 

Size 0.6 - 1.8 nm in diameter Electron beam lithography can 
create lines 50 nm wide and a 

few nm thick 

Density 1.33 – 1.40 g/cm3 Aluminum has a density of 
2.7 g/cm3 

Tensile Strength ≈ 45·109 Pascals High-strength steel alloys 
break at ≈ 2·109 Pascals 

Resilience Can be bent at large angles
and re-straightened 

without damage 

Metals and carbon fibers 
fracture at grain boundaries 

Current Carrying Capacity ≈ 1·109 A/cm2 Copper wires burn out at 
≈ 1·106 A/cm2 

Field Emission Can activate phosphors at 
1 – 3 V if electrodes are 
spaced 1 micron apart 

Molybdenum tips require 
≈ 50 – 100 V/micrometer 
with very limited lifetimes 

Heat Transmission ≈ 6,000 W/m·K at room 
temperature 

Nearly pure diamond 
transmits ≈ 3,320 W/m·K 

 

Temperature / Thermal Stability 

Stable up to 2,800 C in 
vacuum and 750 C in air 

Metal wires in microchips 
melt at ≈ 600 – 1,000 C 

Cost ≈ 1,500 $/g Gold sells for ≈ 40 $/g 

Preservation of the Quantum 
Property of Electron Spin 

Optimal; Very high Low in regular conductors 

Power Consumption Very low Higher in metal wires 

Speed Very high ≥ 1·1012 Hertz 
nanoscale switch 

≥ 1,000 times as fast as 

processors available today 

Electron Scattering (Resistance) Almost none Comparatively high 

Energy Band Gaps Easily tunable; Depends on
CNT diameter and thus 
wide range of band gaps 

can be obtained: ≈ 0  
(like a metal), as high as band 

gap of Silicon, and almost|
anywhere in between 

No other known material 
can be so easily tuned 

3.1. Description and static characterization of the field emitters 

In order to perform the static modeling of CNT field emitters, four field emission carbon 
nanotubes, which are shown in Figs. 4(b)-4(e), were manufactured by Xintek, Inc. The 
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copper anode is at the right and the CNT emitter is mounted on a tungsten wire attached to 
the copper cylinder at the left as shown in Fig. 4(a). Figs. 4(b)-4(e) show the images of CNT 
emitters for each carbon nanotube [29] taken with a JEOL Ltd. model JEM 6300 SEM.  

Carbon nanotubes M-1 and M-4 have a single MWCNT as the emitter, and carbon 
nanotubes C-3 and C-6 have a single SWCNT as the emitter. The used CNTs were 
formed in bundles that have diameters of 10-30 nm, but in each carbon nanotube the field 
emission is from the CNT at the end of the bundle where the electric field is most intense. 
   

    
 (a) (b) (c) 

             
                                             (d)                                                (e) 

Fig. 4. Carbon nanotube – based field emission: (a) appearance of the field emission 
carbon nanotubes manufactured by Xintek, Inc. and (b) - (e) the Scanning 
Electron Microscopy (SEM) images of the CNT emitters in the four utilized 
carbon nanotubes. In the conducted imaging, the dimensions of the individual 
CNTs were not determined. 

The DC current-voltage characteristics were measured for these four carbon 
nanotubes, as well as a field emitter tube from Leybold Didactic GmbH, which has an 
etched single crystal of tungsten as the emitter. All of the measurements that were made 
with the five tubes were performed at room temperature. The tungsten tip is mounted on a 
filament so that this tip is heated for cleaning shortly before each session of 
measurements. However, it is not possible to clean the CNT, which probably causes the 
"switch-on" effect in which the supply voltage must be momentarily increased well 
beyond the operating point to initiate field emission with the CNT.  

The data from the DC measurements were reduced by the Fowler-Nordheim analysis 
[18,40] which is based on the following simplified form of the Fowler-Nordheim equation 
that provides the magnitude of the current density as a function of the applied static field 
for the field emission from a specific material [18,20,40]: 

 J = A E2 e (-B/E) (1) 

where J and E are the magnitudes of the current density and the electric field intensity, A 
= 1.541 x 10-6/Φ, and B = 6.831 x 109 Φ3/2. The work function Φ = 4.5 eV for tungsten, 
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and for the CNT was set to Φ = 4.9 eV for graphene. In order to apply the Fowler-
Nordheim equation to the DC current-voltage data, the following equation was also used 
which is valid for a given carbon nanotube, where I is the field emission current and V is 
the potential applied between the anode and the cathode:  

 I = CV2 e (-D/V) (2) 
 

Equations (1) and (2) can be combined to obtain the following equations for the 
parameters S and R, which are used to characterize the field emitters:  

 S = CD2/AB2 (3) 

 R ≡ V/E = D/B (4) 

where the parameter S refers to the effective emitting area which would be the physical area 
of the emitter if the current density were uniform over a fixed area and zero elsewhere, and 
the parameter R refers to the effective radius of curvature of the emitter and includes the 
effects of local intensification of the electric field caused by elongation of the emitter or the 
reduction of the field which may be caused by shielding due to adjacent structures.  

The Fowler-Nordheim plots of the DC current-voltage data were conducted using ln(I/V2) 
as the ordinate and (1/V) as the abscissa. Equation (2) requires that these plots should be 
straight lines and typically with correlation c   0.998. Linear regressions based on these 
Fowler-Nordheim plots typically have a standard variance   0.08, and the probability for the 
null-hypothesis, that no linear relationship exists, is less than 0.0001. The values of the pa-
rameters {C, D, S, R} were determined from the linear regressions. A series ballast resistor of 
100 MΩ was typically used in the measurements. However, when the series ballast resistor was 
increased to 2.575 GΩ with carbon nanotube C-6, the obtained data were not consistent with 
the Fowler-Nordheim equation (c =  0.846,  = 0.738) even though the emitted current was 
stable at each value of the applied static potential. Fig. 5 shows the anomalous data which were 
obtained using the 2.575 GΩ ballast resistor. In order to explain this effect, it is hypothesized 
that for currents greater than 500 nA, field emission with a single CNT may be intermittent, 
fluctuating at a high frequency. Thus, the average current, as measured by the DC microamme-
ter, can be much greater with a large ballast resistor. This is because when the current is mo-
mentarily low, the voltage drop across the ballast resistor is at minimum so that high voltage 
occurs across the CNT, and this voltage causes a short-duration surge in the current. 

Several other conducted experiments have also observed the instabilities in the field 
emission from a single CNT [9,10,16]. However, the performed works did not describe 
the bias circuits which were used so it is not possible to determine if these instabilities 
were exacerbated by increasing the ballast resistor. The data which are consistent with the 
Fowler-Nordheim equation were obtained with carbon nanotube C-6 when the ballast 
resistor was decreased to values including 100 MΩ or 595 MΩ.  

The values of parameter R, the effective radius of curvature of the emitter, were found 
to vary within 77-110 nm for the four carbon nanotubes with CNT emitters. This suggests 
that values of the local electric field at the emitting sites were as high as 14 V/nm in some 
of these measurements. Others studying the field emission from various CNTs have 
provided approximate values for the electric field by dividing the applied voltage by the 
distance between the anode and the emitting tip, noting that this field would be intensified by 
the shape of the CNT, but not estimating the local electric field at the emitting sites [41]. 
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Fig. 5. The obtained Fowler-Nordheim plot for CNT C-6 with 2.575 GΩ ballast resistor. 

The Fowler-Nordheim analysis gave a value of 91 nm for the effective radius of curvature 
of the emitter in the Leybold tube, suggesting that the local electric field was as high as 5 V/nm 
in some of the performed measurements [29]. Current densities as high as 109 and 1012 A/m2 
may be drawn from a tungsten emitter in steady-state and pulsed operation, respectively, and 
the corresponding values of the applied static field are 4.7 and 8.6 V/nm which may be 
considered as limiting field strengths for tungsten under these conditions. Thus, the value of the 
parameter R which was obtained for the Leybold tube appears to be reasonable.  

The Fowler-Nordheim analysis also showed that the parameter S, the effective 
emitting area, varied within 81-230 nm2 for the four carbon nanotubes with CNT emitters. 
If the current density was uniform, this would correspond to circular emitting spots having 
radii of approximately 5-9 nm. Others have used Lorenz microscopy to directly observe 
the emitting sites for field emission from MWCNT, and they found one or more sites 
having radii of several nm [19], and their data were in reasonable agreement with other 
performed experiments. The Fowler-Nordheim analysis also showed that the effective 
emitting area for the tungsten tip in the Leybold tube would correspond to a hemisphere 
with a radius of 290 nm. This result and the value of 91 nm for the effective radius of 
curvature of the emitter in the Leybold tube were in reasonable agreement with the radius 
of 100-200 nm which was specified by Leybold.  

3.2. Experimental measurements of mixing at audio frequencies 

Rigorous quantum simulations of laser-assisted field emission were performed which 
showed that the radiation from two lasers increases the DC current (optical rectification) and 
also causes harmonics and mixing terms with frequencies (n1f1 + n2f2), where f1 and f2 are the 
frequencies of the lasers and the integers n1 and n2 may be positive, zero or negative. However, 
the high-frequency terms are not seen in measurements of the current that passes through a field 
emission tube because the tube itself acts as a low-pass filter [27]. Antennas and transmission 
lines on field emitters have been made to couple microwave output power at the difference 
frequency (f1 – f2) [1,26], but these techniques were not implemented in the utilized tubes shown 
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in Fig. 4. Instead, the spectrum of the field emission current was determined when transformers 
were used to superimpose low-frequency voltages on the applied static field with f1 = 1.67 kHz 
and f2 = 1.10 kHz. These frequencies were chosen [27] because they are low enough that the 
effects of the capacitances and inductances within the tubes may be neglected. 

To assist in the understanding of these phenomena, closed-form equations for the com-
ponents of the field emission current may be obtained by using time-dependent perturbation 
with the Fowler-Nordheim equation. This method requires the adiabatic approximation that 
the frequencies of the oscillatory fields are low enough that the effects of the photon energy 
may be neglected [26]. Thus, the closed-form equations can be determined for all of the 
components of the current which are found in the rigorous quantum simulations [25]. How-
ever, with laser radiation it is necessary to multiply each term by the gain that is caused by a 
resonance in the interaction of the tunneling electrons and the radiation field [22,37-39].  

For the two sinusoidal voltages that are superimposed on the applied static potential 
V0 such that:  

 V = V0 + V1cos(ω1t) + V2cos(ω2t) (5) 

then if V1 and V2 are much less than V0 and the parameter D in Equation (2), and the 
frequencies {ω1, ω2} are low enough that the effects of the photon energy may be 
neglected, then a 2nd order Taylor series expansion of Equation (2) about the operating 
point (V0, I0), where there is only the applied static potential V0 and the DC current I0, 
provides the following equation for the total current: 

 I = I0 + IΔ + IF1 + IF2 + IH1 + IH2 + IS + ID (6) 

where the step increase of the DC current, the two fundamental terms, the two second 
harmonic terms, and the sum and difference terms are provided using the following 
equations, respectively: 

 IΔ = I0(D
2/4V0

2)[(V1/V0)
2+(V2/V0)

2][1+2V0/D+2V0
2/D2 (7a) 

 IF1 = I0(D/V0)(V1/V0)[1+2V0/D]cos(ω1t) (7b) 

 IF2 = I0(D/V0)(V2/V0)[1+2V0/D]cos(ω2t) (7c) 

 IH1 = I0(D
2/4V0

2)(V1/V0)
2[1+2V0/D+2V0

2/D2]cos(2ω1t) (7d) 

 IH2 = I0(D
2/4V0

2)(V2/V0)
2[1+2V0/D+2V0

2/D2]cos(2ω2t) (7e) 

 IS = I0(D
2/2V0

2)(V1/V0)(V2/V0)[1+2V0/D+2V0
2/D2]cos[(ω1+ω2)t] (7f) 

 ID = I0(D
2/2V0

2)(V1/V0)(V2/V0)[1+2V0/D+2V0
2/D2]cos[(ω1-ω2)t] (7g) 

Transformers were used to couple the two floating battery-operated Wien bridge os-
cillators in series with the high-voltage anode circuit of each of the five field emission 
tubes in order to superimpose low-frequency sinusoidal signals on the applied static field. 
The oscillators provided the high voltages V1 = V2 = 120 V which are required to cause a 
measurable effect on the current. The full series loop of the electrical circuit included the 
high-voltage power supply, 100 MΩ ballast resistor, the secondary windings of the trans-
formers for the oscillators, the field emission tube, a DC microammeter, and 1 MΩ resis-
tor to ground which was a shunt for the digital oscilloscope.  
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The capacitive shunts were used to eliminate the effects of the high-voltage power 
supply, the ballast resistor, and the DC microammeter on the currents at the six frequen-
cies. Thus, the DC equivalent circuit consists of the high-voltage power supply, a resis-
tance of 101 MΩ, the tube modeled by the two current sources I0 and IΔ in parallel, and 
the DC microammeter. The equivalent circuit at each of the six frequencies consists of the 
tube modeled by the respective current source, in series with the parallel combination of 
the 1 MΩ resistor and the digital oscilloscope.  

The used two oscillators were set to the frequencies f1 = 1.67 kHz and f2 = 1.10 kHz, 
and the step increase in the DC current as well as the components of the current at the six 
frequencies {f1, f2, 2f1, 2f2, (f1 + f2), (f1 - f2)} were determined. These frequencies corre-
spond to {1.67, 1.10, 3.34, 2.20, 2.77, 0.57} kHz, respectively. Each of the measured 
currents were compared with the values calculated using the respective equivalent circuit 
with Equations (7a – 7g).  

In comparison with the Leybold tube, it was found that the currents at the fundamental 
frequencies f1 and f2 were each within 5% of the predicted values, and the step increase in 
the DC current and the currents at each of the other four frequencies were each within 
10% of the predicted values. The measured increase in the DC current and the currents at 
the six frequencies, were each between 1 and 2 times the predicted values for carbon 
nanotubes M-4 and C-6, and between 3 and 4 times the predicted values for carbon 
nanotube M-1. In the conducted measurements, carbon nanotube C-3 was very unstable to 
permit measuring any of the currents at the six frequencies. As it was noted earlier, it was 
not possible to clean the CNT, and this caused the values of the parameter D in Equations 
(7a – 7g) to be less reproducible for the CNT than it is for the Leybold tube, where the 
greater errors in the measurements with the CNT are attributed to this effect.  

3.3. Experimental measurements of the variation in the DC current caused by a 
laser source 

While there are no means to couple microwave or terahertz power from any of the used 
five tubes, the step increase in the DC current that is caused by focusing a single square-
wave modulated laser diode with the specifications of power = 20 mW and wavelength = 
658 nm on the field emission tip. The laser diode was maximally-focused to provide a 
measured Gaussian profile with a power flux density of approximately 107 W/m2 at the tip. 
Equations (7a) and (7g) show that this measured current step is equal to ½ of the peak value 
of the mixer current that would be generated if two stabilized tunable lasers each provided 
the same power flux density. Thus, this low-frequency measurement can be used to estimate 
the mixer current obtained by photomixing with these same field emitters.  

The laser diode was amplitude-modulated with a square-wave envelope and the field 
emission current was measured with a digital oscilloscope shown in Fig. 6. It was observed 
earlier that field emission tube itself behaves like a low-pass filter [27]. Equation (7a) shows 
that the increase in the field emission current (IΔ) acts as a current source, and it can be 
shown that when a square-wave current source is fed to a parallel R-C circuit, the voltage 
across the resistor has a saw-tooth waveform with a peak-to-peak value of: 

 Vpp = R IΔ (1 – e -1/2f) / (1 + e -1/2f) (8) 
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Fig. 6. The used experimental configuration for the conducted measurements  
with a square-wave modulated laser diode. 

where IΔ is the peak-to-peak value of the current waveform and  = RC. Equation (8) 
shows that Vpp0 ≡ Vpp (f = 0) = R IΔ and Vpp = R IΔ/4f = Vpp0 /4f for f >> 1/.  

The peak-to-peak value of the voltage across the resistor was measured as a function 
of the modulation frequency for each of the tubes. A DC current of 1 A was used with 
each of the four used CNT tubes, and 8 A was used with the Leybold tube. However, 
carbon nanotube C-6 could not be used in this experiment because ripples in the glass 
envelope interfered with focusing of the laser on the tip. Least-square regression was used 
to determine the values of IΔ and  from these data.  

Fig. 7 shows the measured value of the apparent peak-to-peak amplitude of the field emis-
sion current as a function of the modulation frequency for carbon nanotube M-4, and Table 2 
shows the parameters that were measured with calculated characteristics of the tubes. Clearly, 
Fig. 7 illustrates the inverse behavior which is predicted at frequencies that are much greater 
than (1/).  
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Fig. 7. The step in current caused by laser vs. modulation frequency for CNT M-4. 
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Table 2. Measured and calculated parameters for the step-increase in the DC current 
which is caused by a laser. 

Tube M-1 M-4 C-3 Leybold 
DC current I0, µA 1.0 1.0 1.0 8.0 
DC voltage across tube, V 980 840 920 4600 
R, kΩ 500 500 500 1000 
Τ, µs 110 80 86 510 
C, pF 220 160 170 510 
IΔ, pA 56 83 48 16 
(IΔ / I0), % 5.6 8.3 4.8 0.20 

From Table 2, one can observe that the actual value of IΔ for carbon nanotube M-4 is 83 
pA which is observed in the data that were taken for much lower modulation frequencies. 
Table 2 also shows that the mean increase in the DC current is 6.2 % for the three tubes with 
CNT, as compared with 0.20 % for the Leybold tube. This suggests that if two stabilized 
tunable lasers each provided the same power flux density, the peak value of the mixer 
current, occurring at the difference frequency (f1 – f2), would be within an average of 12 % of 
the DC current for the tubes with CNT, as compared with 0.40 % for the Leybold tube. 

 

4. CONCLUSIONS 

Fundamentals of field emission are introduced in this first part of the article. For the 
realization of the new CNT field emission – based switching device, four field emission 
tubes having single CNT as the emitters were tested, and a tube having a tungsten tip was 
used for the corresponding comparison. The Fowler-Nordheim analysis of the DC cur-
rent-voltage data gave reasonable values for the local fields at the emitters and the sizes of 
the emitter sites. Also, two audio-frequency oscillators superimposed sinusoidal signals 
on the applied static field, thus increasing the DC emitted current and causing components 
of the current at the two fundamental frequencies, the second harmonics and the sum and 
difference frequencies, which are in good agreement with the associated theory. A single 
square-wave modulated laser diode of power p = 20 mW and wavelength  = 658 nm 
focused on each emitter, increased the emitted current by an average of 6.2 % during each 
laser pulse with the CNT and 0.20 % with the tungsten tip. Tubes were previously manu-
factured in which antennas and transmission lines couple the microwave power that is 
generated by photomixing in laser-assisted field emission to an external load, and these 
tubes have used emitters of tungsten (W) and molybdenum (Mo).    

The measurements conducted with the CNT suggest that the mixer current could be 30 
times greater if either SWCNT or MWCNT were used in place of the metal emitters, 
which would increase the microwave output power by 30 dB as a considerable improve-
ment. While it was observed that, when the laser beam is turned on, then the field emis-
sion current increases with a characteristic time that is similar to the calculated thermal 
relaxation time of the field emitter (so this effect could be thermal), it was shown that the 
slow rise time for the current in such experiments is due to circuit effects. Also recently, 
electron pulses with durations of under 70 fs were generated by irradiating a field emitter 
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with a low-power femtosecond laser, where it has been shown that this effect is non-ther-
mal; the operating parameters may cause either photofield emission or optical field emis-
sion to be dominant. More pertinently, laser radiation was utilized to increase the field 
emission current from a cathode with a dense field of CNT by a factor of 18, and was 
shown that this is not a thermal effect by comparing the corresponding data with the effect 
of elevated temperatures on the field emission from the used CNT.  

A 2-to-1 controlled switch is a basic building block in "switch logic", where the con-
cept of the switch logic is that logic circuits are implemented as combination of switches, 
rather than a combination of logic gates as in the gate logic, which proves to be less-
costly in synthesizing a wide variety of logic circuits and systems. Since the controlled 
switch is of fundamental importance in logic design, the new device can have a wide 
spectrum of implementations in a wide variety of nano circuits and systems. 
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