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X.1 Introduction 
Carbon nanotubes (CNTs) have several advantages as field emission (FE) electron 
sources: chemical stability, high current carrying capacity, high aspect ratios for low 
extraction voltages and low cost mass production. Since the first experiments [1,2,3] 
many authors have shown the extraction of both stable and very large FE currents, I 
[4,5,6,7,8]. This opens numerous commercial applications which often demand the 
highest possible currents. It is now clear that this is controlled by the interplay between 
Joule heating effects either along the nanotube lengths [9,10] or at the contact [11,12

The particularity of CNT field emitters is that they emit stably in a high temperatures 
state induced by the Joule heating, eg. up to ~1600 K. The stable heating state is not 
often observed for emitters of other materials and has far ranging implications. It 
increases sustainable high currents, permits self-cleaning by desorption that improves 
dramatically the current stability, causes CNT shortening instead of sudden breakdown 
at extreme currents and finally it allows measurements of several intrinsic parameters of 
the carbon nanotube [

], 
and stabilising heat evacuation mechanisms.  

13]. In contrast, metal tip emitters suddenly melt into large balls 
near the apex at high current densities due to catastrophic runaway phenomenon that 
quickly follows induced heating [14,15]. Three positive feedback mechanisms 
accentuate temperature and current increases and thus breakdown: (1) the strong increase 
in the metallic resistance with temperature, (2) the increase in FE with temperature and 
(3) the rapid diffusion of metal surface atoms to high field regions, particularly as 
temperature increases, which sharpens tips and thus further increases current. Here we 
review the current state of experimental studies and theoretical understanding of the 
generation and evacuation of heat in carbon nanotubes during FE. Experimental 
measurements of the temperature by Field Electron Emission Spectroscopy (FEES) 
measurements of Total Energy Distributions (TEDs) [16,17] are emphasised, but other 
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pertinent results are surveyed. The basic theoretical framework is given for heat 
generation and evacuation accompanied by simulations. An effort is made to show how 
this is a very open and eventually complex subject with as yet far from quantitative 
agreement between experiment and theory. 

Heating effects were reported in one of the very first articles on FE from CNTs [1], 
though the heating was induced by a focused laser. Light emission ascribed to black 
body radiation was also observed. We limit our discussion here to current-induced 
heating. The stability of the FE current from carbon nanotubes was studied early on and 
discussed within the framework of adsorption and ion retro bombardment [18,19]. 
Observations of a gradual destruction of arc electric MWNTs at currents as high as 200 
µA during FE were made inside a transmission electron microscope (TEM) [20], though 
the probable cause by Joule heating was not yet evoked. Heating was originally 
hypothesised to explain high current behaviour and degradation of CNTs [21

16
] due to 

local heating near the apex by Nottingham effects [ ] through resonant tunnelling 
states. As well the existence of characteristic rings in the FE patterns, observed 
previously [19], was used to estimate that field-assisted evaporation of single wall 
nanotubes (SWNTs) starts at ~1600 °C. The origin of the rings was unclear at that time 
but we have recently shown that they can be explained by self-focusing of thermal-field 
electrons from the shank just below the cap of a hot nanotube [22

21
], thus confirming the 

determination of the temperature in [ ].  

The role of Joule heating was clearly established by FEES on an individual MWNT [9]. 
This was used to: (1) measure the temperature at the emission zone as a function of 
emission current, TL(I) (L=CNT length); (2) show that I~µA induced high stable 
temperatures reaching 2000 K; (3) measure the electrical resistance of an individual 
MWNT, R(I) (equivalently R(TL)), in this case ~MΩ; (4) show that the high 
temperatures were accompanied by light emission from the MWNTs whose intensity 
was consistent with Planck’s law; (5) show that the high induced temperatures can lead 
to excellent emission stability by self-cleaning the surfaces of the nanotubes; (6) show 
that even higher currents, and thus higher temperatures, leads to a gradual destruction of 
the nanotubes. These studies were accompanied by confirming simulations of a 1D 
model [10] that incorporated Joule heating, thermal conduction to the support, radiation 
losses and Nottingham effects. Nottingham effects were estimated to be small compared 
to Joule heating, thermal conduction and radiation. This work also showed that FE 
becomes a new tool for making simultaneous, and therefore correlated, measurements of 
several CNT physical properties.  

Since this work, optical spectroscopy measurements of light emission from a MWNT 
layer from which a small number of emitters were active confirmed that the light has a 
black body spectrum [23 10]. Experiments and extension of the modelling of [ ] on 
emission from vertical CNTs on Si substrates were used to compare and predict the 
critical field, current density and currents for thermal runaway in CNTs when the 
electrical resistivity, ρ(T), increases at higher temperature consistent with phonon 
controlled mean free paths [12]. 1D modelling was carried out that particularly 
addressed the Nottingham effect [24

9
] predicting that in certain conditions they can be 

stronger than radiation effects. A fuller account of the data of [ ] and somewhat refined 
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modelling of [10] was presented [25] with a better function for ρ(T), and for the first 
time an estimate of the temperature dependence of the thermal conductivity κ(T). 
Another aspect was the integration of the TEDs to quantify the Nottingham energy 
exchange at different temperatures and emission zones. More recently the 1D model was 
used to study the influence of Nottingham effects particularly at high currents and 
temperatures [26]. In this region it may cause cooling and the temperature at the CNT 
cap can be lower than the near cap region. Finally, 3D simulations have been made [27

25

] 
that compare Joule and Nottingham heating without radiation and allow for temperature 
increases in a W support tip. It was concluded that Joule heating is orders of magnitude 
larger for currents above pA. Thus different authors have come to different conclusions 
for the influence of Nottingham effects and more work is needed. This may be because 
the various mechanisms have different scaling (see below) and each author simulated the 
problem with different parameters, or because more complex averaging of Nottingham 
effects over the emission surface is necessary for it to be well quantified [ ]. 

 

X.2 Heat diffusion equation for nanotubes 
The measurement and calculation of temperature profiles in nanotubes (and nanowires) 
is actually a very challenging and open problem that can be treated at many levels of 
complexity. Our approach has been to find the simplest approximations that contain the 
essential physics. The nanotube is treated as a simple resistance which is justified for 
many nanotubes, e.g. MWNTs produced by chemical vapor deposition (CVD), because 
mesoscopic behavior such as ballistic transport of electrons and phonons observable in 
high quality CNTs produced by arc discharge is quickly masked by defects and phonon 
scattering, particularly at room temperature and above. The simplest model is to treat the 
CNT as a one dimensional object of length L in contact with a heat sink fixed at 
temperature T=T0 at x=0 and include heat generation and losses by (1) Joule effects, (2) 
thermal conduction, (3) radiation and (4) Nottingham exchanges at the CNT cap.  

The first two mechanisms should be well enough described by classical expressions. 
However we and others [10,12,24,26] have modelled the radiation losses by a 
differential surface area and the Stefan Boltzmann law with a constant emissivity. This is 
clearly not correct [25] because the diameter of most nanotubes is less than the 
wavelength and mean free path of photons and thus a differential element must radiate 
by its volume and not its surface. Photon emission should be considered within the 
framework of Rayleigh scattering, where absorptivity, a, and hence emissivity, e, depend 
on the particle dimensions, thus adding considerable complexity to the problem. For 
example, for a small enough dielectric sphere a(r, λ) = (r/λ)f(n) where f(n) is a 
dimensionless function of the complex index of refraction, n [28

10

]. Evoking Kirchoff’s 
law and inserting this into the Stefan-Boltzman law makes emitted power proportional to 
volume as expected. Unfortunately this is not sufficient here because antenna and 
polarized light emission effects must be treated and most nanotubes are not dielectrics. It 
is not even evident that a local differential expression for radiation losses is appropriate. 
Doing this correctly may completely change the balance between radiation, thermal 
conduction and Nottingham effects. Nottingham effects can be included as a boundary 
condition for heat flow at the cap, JTh(L) [ ,24,25,26,27]. Until now the maximal 
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current density and field at the cap apex have been used to calculate exchanges but this 
is a rough approximation that favors heating [25]. The expression should be integrated 
over the cap apex where lower fields favor cooling as opposed to heating. In the absence 
of better expressions we proceed as before with the idea that including the dominating T4 
factor and Nottingham effects at the apex allow discerning general trends.  

Under the simplest assumptions, the time-independent heat diffusion equation will be: 
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ρ(T) and κ(T) are the temperature dependent resistivity and thermal conductivity, A is 
the cross-section, r the exterior tube radius, σ the Stefan-Boltzmann constant and T0 the 
ambient temperature at the support/CNT contact. For all simulations below we assume 
e(r)=1 and A=πr2 which is a good approximation for nanotubes with the more common 
central tube diameters. The Nottingham boundary condition at the cap is  

JTh(L) = IFE<E> = 
dx
dTκ(T)A-     X.2 

where <E> (in eV) is the average energy of emitted electrons with respect to the Fermi 
level (<E><0, heating, <E>>0, cooling). <E> can be estimated with the TEDs. 

A useful analytic solution can be given when radiation is neglected and κ and ρ are 
constant which is reasonable for low temperatures: 
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The Nottingham/Joule ratio scales with ηNJ≡2<E>Α/ρIL. This varies widely for 
nanotubes, perhaps explaining why different results have been  reported. 

To get a feeling for heating effects consider a reasonable parameter set (in SI): ρ=10−5, 
κ=100, L=10-6, I=10−5, A=10−16 and <Ε>=−0.1(heating).  One gets ∆T≡TL-
T0=500+100=600°. However, the formula gives wildly varying estimates for physically 
possible nanotubes. A particularity of carbon is that ρ(T) and κ(T) both vary by orders of 
magnitude for different forms of graphite [29

 

] and for nanotubes, and they are 
particularly sensitive to different heat treatments. Obviously the dimensions of 
nanotubes also vary by orders of magnitude. Though we assume here ideal structures, in 
reality the overall radius, the ratio of the inner/outer tube radii and the structural quality 
are often not uniform. ρ(T) and κ(T) may also vary with position along the tube because 
the CNTs may undergo temperature gradients. Finally, as stated above, ηNJ can vary 
greatly. This means that each nanotube must be specifically analyzed and one needs the 
maximum information to understand high current and temperature behavior. 
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X.3 Simulations 
Solving equation X.1 numerically by iteration is simple if all the CNT parameters are 
known. Typical examples with and without radiation included are shown Figure X.1(a,b) 
for T(x) and TL(I). Nottingham effects are neglected. One sees that the difference in 
temperatures for calculations that include either a decreasing ρ(T) or radiation losses, 
progressively increases with temperature. The analytical form is accurate for ∆T<500 for 
this choice of parameters. 

Figure X.1 (a)(b) Temperature profiles along a CNT and TL(I) for different cases 
simulated using Eqs. X.1, or X.3 and X.4 (L=40 µm, r=10 nm). Dashed curves: κ=100 
and ρ=1.6x10-5, no radiation (Eqs. X3, X4). Dotted curves: ρ(T)=1.6x10-5-6.4x10-9(T-
300), no radiation. Solid curves: same with radiation losses included (see [10]).  

Though r, A and L can be determined by electron microscopy, generally one does not 
know a priori ρ(T), κ(T), e(r,T) and <E>. Thus one of the goals of this work is to use 
FEES experiments and simulations to extract these functions from the data.  

In experiments one generally imposes an applied voltage, V, and measures the emitted I 
which adds an additional degree of complexity to the problem. Using the measured I is 
sufficient for resolving equation X.1, but does not address questions such as the 
existence of a solution for an elevated stable temperature and the high current 
degradation where current changes in time. Actually I increases with TL and this creates 
positive feedback. A self-consistent solution between the FN equation and the heat 
equation is needed to find the equilibrium points of V, I, and TL (and T(x)). For this it is 
convenient to use a graphic representation where TL(I) and the thermal I(V,TL) evolution 
are plotted on the same graph. We use Eq. X.1 with R and κ constant to obtain TL(I) 
without loss of generality. Consider a CNT (SI units) with L=10-5, r=1.5x10-9, ρ= 
2.6x10-5, κ=100, and T0=300 K. Furthermore, consider a constant field enhancement 
factor β (field=βV), no effect of an IR drop along the CNT and the thermal dependence 
of the FE current given by I(V,TL)≅I(V,TL=0)×(1+const.TL

2) [16]. For a given voltage, 
V1, I(V1,TL=0 K) defines a point on the x-axis (see Figure X.2(a)). The emission would 
start slightly above at I(V1,300K) if the voltage is applied much faster than heating 
occurs. I(V1,TL), is given by the parabolic red curve (the inverse function TL(V1,I)) 
starting from this point. The self-consistent solution of the thermal and FE equations is 
the intersection of the red curve and the black curve to give the set V1, TL1 and I1. In time 
I would move along the I(V1,T) curve. For increasing voltages we obtain other red 
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curves and new stability solutions. Depending on the TL(I) curves there is a maximum 
voltage above which no stability point exists (voltage V2 in the figure). This defines the 
maximum temperature, TM, and current for which the system is stable. This analysis 
explains in a simple way the critical temperature, current and field calculated previously 
[12] versus the CNT length. At higher voltage, i.e. V3, there is no stationary solution and 
I and TL should increase without bounds. TL and I must then be calculated by the non 
stationary diffusion equation. Note that the CNT may degrade at a temperature inferior 
to the maximum mathematical stability point because carbon leaves the CNT cap.  

From Fig X.2(b) one sees that two solutions are expected, T1 and T2, for a voltage 
slightly lower than V2, one inferior and one superior to TM. These two solutions exist 
mathematically but T1 is structurally stable and is the only physical solution. T2 is 
structurally unstable and cannot be a physical solution. However this unstable point 
could be found by numerical calculations and must be recognized as such. 

Figure X.2(a). Plots of TL(I) from simulations using Eq. X.1 and I(V,TL) (inverted axis). 
The crossing points define the equilibrium parameter set (V,I,TL). (b) Zoom near an 
equilibrium point showing that there are two solutions. The upper solution is unstable 
(see text) and simulations will follow the arrows. 

This is the analysis of the simplest situation but many different cases can be envisaged. 
For example, a decrease in ρ(T), increase in κ(T) and Nottingham effects may cause the 
TL(I) curves to bend downward further thus pushing the intersection points to higher 
currents. Also a ρ(T) that increases with T at higher temperatures [12] could cause TL(I) 
to increase again at higher currents, perhaps creating more equilibrium points and thus 
hysteresis effects. For certain parameter sets, TL(I) and I(V,TL) may run roughly parallel, 
leading to slow responses of the system. In fact we once observed the current from a 
nanotube at fixed voltage slowly increasing by over 100% during roughly a ten second 
time frame, while its incandescence also increased greatly, until it suddenly broke down 
at 40 µA. This is a very long time for a heating phenomenon in a nanometric object.  

The cap region has the highest temperature and field during current-induced heating and 
thus CNT degradation occurs there preferentially. Regular thermal removal of material 
at the nano or atomic scale should roughly follow an Arrhenius relation, with an average 
activation energy. Thus time scales are controllable if temperature is controlled. Through 
current-induced heating it is possible to observe and control CNT length reduction on a 
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lab time scale in both simulations and experiments. The gradual degradation 
phenomenon was first studied in a TEM [20] and then by following I and FEM patterns 
in time [21] (see also [25,30 21]. Notably in [ ] the carbon atoms could leave the SWNTs 
ring by ring. Striking results from recent detailed TEM studies [31,32] are shown in 
Figure X.3(a)(b) which demonstrate the gradual and controlled shortening of a MWNT 
and accompanying I(V) characteristics. The series of I(V) characteristics have a well 
defined envelope. This effect has recently used to precisely tune the resonance 
frequencies of CNTs in a TEM [33

9

]. Simulations must now include self-consistent 
solutions between the FN equation and the heat equation in which the length of the CNT 
also changes. This can be carried out to different degrees of sophistication. Here we 
simply limit the length by imposing a maximum temperature at the CNT cap. Changes 
on a lab time scale (tens of seconds) is known to occur in the 1600 to 2000K [ ,21] 
range. The envelope of calculated curves in Figure X.3(b) are similar to the experimental 

curves of Fig. X.3(b) and [30], showing that the regular and reproducible material loss at 
the apex region can be well simulated and thus understood. 

 (b) (c) 
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Figure X.3(a) TEM images showing the controlled shortening of conical CNT tips by 
current induced heating. (b) Corresponding F-N plots ((a),(b) [32] with permission). (c) 
Simulated I(V) curves for the shortening of CNT at a set temperature [30]..  
X.4 Experiments 
Our group has studied high current behaviour particularly with FEES to characterize 
individual MWNT at various stages of the thermal and field cleaning of MWNTs. The 
results were then analyzed by running specific simulations with the heat diffusion 
equation X.1. The FEES permits simultaneous measurements of both TL(I) and the 
voltage drop without which it is difficult to imagine providing meaningful comparisons 
between theory and experiment, particularly without a priori knowledge of ρ(T), κ(T), 
e(r,T) and <E>. Unfortunately there is only one published set of data [9,25] that 
measures simultaneously TL(I) and R(TL) to guide calculations. The result is that in our 
opinion though the first order description of the problem is now in place, quantitative 
comparisons with theory and experiment are largely lacking. This effectively excludes 
examining many interesting second order effects. 

The details of the experimental procedure are described in the original articles. The 
experiments were carried out in an ultra high vacuum (UHV) system fully equipped for 
measuring field electron microscopy (FEM) and field ion microscopy (FIM) and FEES. 
Oriented MWNTs were grown by chemical vapour deposition (CVD) directly on large 
Ni support tips. Scanning electron microscopy (SEM) showed that the apex MWNTs 
were quite straight, with diameters in the range of 20 to 50 nm and had lengths up to ∼ 
40 µm. The multiwall character, diameter range and high number of defects of the 
MWNTs were confirmed by TEM on samples fabricated by exactly the same procedure. 
The Ni tip was held in a W spiral to allow in-situ cleaning by standard Joule heating to ∼ 
1300 and up to 1600 K by electron bombardment. The TEDs were measured with a 
hemispherical electron energy analyzer through a probe hole in the same UHV system. 
Though many MWNTs are present on the Ni tip, the FE experiments are specific to an 
individual one because of the selectivity of FE to the highest field emitters.  

Two distinct emission regimes before and after the highest temperature cleaning were 
observed. The first regime is when the surface is rough and consists of disordered 
nanostructures formed either by adsorbates or the carbon itself. These objects give rise to 
strong effects in the TEDs similar to those measured from deposited molecules [34]. The 
resonant tunnelling model [35
25

] has been often invoked to explain most of the effects 
[ ]. The second regime, the "intrinsic MWNT emitter”, is when the surface was heated 
to temperatures reaching 1600 K to produce a "smoother-cleaner" surface without 
nanometric protrusions. I/V characteristics and TEDs then followed FN theory and 
excellent current stability was achieved.  

The formula for the TED of FE from a free electron gas [16] is the product of a field-
dependent transmission probability and the Fermi-Dirac distribution: 

)TB)/kFEexp((E1

)/d)FEexp((E
 α  J(E)

L−+

−
 .   X.5 
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EF is the Fermi energy and d(eV)∼F/√(φ) ∼ 0.2 eV. F is the applied field (∼3-7 V/nm) 
and φ the work function in eV. The TEDs are asymmetric peaks of width ∼0.3 eV at 
room temperature. The slope of ln(J(E)) on the low energy side is 1/d and on the high 
energy side (1/d-1/kBT)∼-1/kBT. The peak is positioned close to EF. In general the 
experimental measurements of TEDs from metallic emitters deviate somewhat from this 
formula [16]. However the key to these experiments is that they permit an excellent 
measure of EF and the temperature at the emission zone. We have found agreement 
within 20 K between optical pyrometry measurements and fits to X.5 in the 1000 to 
1300 K range when the temperature was controlled by the support heating loop, and 
better than 0.05 eV for EF for emission from W and Pt emitters in the same setup. Three 
series of TEDs were measured through the probe hole. TEDs from the brightest FE zone 
(series 1) at various IFE are shown in Figure 4(a). As the voltage and I were increased the 
TEDs widened on the low energy side as expected and also shifted to lower energy, due 
to a resistance drop along the MWNT, and widened on the high energy side, due to 
significant heating effects. We have fitted the data to X.5 to extract the dependence of 
the parameters EF, TL and d on the voltage and current. 

In Figure 4(b) we show the fits to the measured TEDs with equation X.5 for EF against 
applied voltage and current. They show that EF displaces to lower energy roughly linear 
with I because of a resistive IR drop along the MWNT. The shift gives resistances in the 
MOhm range. In Figure 4(c) we show that TL increased from 300 K (I < 1 nA) to 2000 K 
(I= 2.3 µA). The results for two runs on different emission zones are shown. As a direct 
consequence of these results we proposed that heating rises occur because of Joule 
heating along the MWNT. The simultaneous direct measurement of temperature and 
resistance give the necessary inputs for simulation of the heat diffusion problem [10]. 

The combination of independent measures of temperature and resistance allow us to 
determine the nanotube resistance R(TL)≡EF/IFE which was in the MΩ range. It 
decreased as TL increased by ∼70 %. (see Figure 4(d)) showing that this MWNT did not 
have metallic behaviour. This R(TL) was used by all those who have made simulations 
of the FE current induced eating problem in CNTs [10,12,24,26,27]. Also shown is the 
fit to this data using the heat equation allowing for a variable electrical and thermal 
conductivity. R(TL) (and hence ρ(T)) is an exponentially decreasing function and κ(T) 
increases linearly with T (see Figure X.4(d)). The average values are both in the range of 
disordered graphite [29] which can be understood from the TEM images showing many 
defects. The length and diameter of the MWNT are rather approximate so the absolute 
values are crude. However the ratio ρ(T)/κ(T) and the general temperature dependence 
do not vary strongly with the nanotube dimensions and thus these simulations provide a 
proof-of-concept for the technique.  
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Figure X.4(a) Series of TEDs for the MWNT after electron bombardment heating to 
1600 K. (b) Shifting of the TEDs with current and voltage showing that the displacement 
is due to an IR drop. (c) Temperature at the MWNT cap, TL, measured by fitting the 
TEDs for two runs. The solid line is a fit to the TL(I) curve using simulations of the heat 
equation that determines ρ(T) and κ(T). (d) R(TL) ≡ EF/I from fitting the TEDs. κ(T) is 
found through self-consistent simulations with equation X.1 (A=314 nm2 and L=40µm). 
 

One of the consequences of the heating is that the current rises above the FN line at high 
currents and temperatures above ~1000K [21,9,24] as shown in Figure 5(a). This is the 
direct consequence of the increase of I α T2 in FN theory [16] which we used above. In 
Inset in Figure 5(a) we plot the difference between the FN fit at low voltage and the 
measured data against the measured TL. The fit to the T2 law is rather good except for 
the last two points which mark the temperature at which the MWNT undergoes length 
reduction by partial destruction. 

A final consequence of the heating that we treat here is an increase in FE current 
stability. In Figure X.5(b) we show that the current induced heating can be used to 
thermally remove adsorbates allowed to accumulate by exposure to a poor vacuum. This 
was demonstrated by stopping the pumping to allow the vacuum to degrade to the 10-7 
Torr range, leading to an extremely unstable current (Figure X.5(b)). After a 10 sec flash 
of 1 µA FE emission, which according to the TEDs raised the temperature to ~1000 K, I 
became as stable as before. I is even more stable at higher current because the hot 
nanotube prevents re-adsorption as is well known for Schottky emitters. Figure 5(b) 
shows an almost perfect stability obtained at 1 µA during three hours. The treatment at 1 
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µA thus has an effect comparable with a flash surface cleaning, but without any external 
heat source.  

Figure X.5(a). FN plot corresponding to Figure X.4(a). The current rises above the FN 
line because of the current-induced high temperature. Inset: Difference between the 
measured current and the low current fit to the FN plot as a function of TL. (b) Current 
stability measured before and after a current induced heat flash of 10 s and a 3 h current 
stability run at 1 µA. 
 

CONCLUSION 

In this article we have tried to bring out the advances in our understanding of 
temperature effects in field emission from nanotubes and point out where more work is 
needed. For the cleaned emitters, what distinguishes CNTs is their ability to function 
over long times in a condition of current-induced high temperature. This is because of 
the intrinsic decrease in the MWNT resistance with temperature and the low surface 
diffusion of carbon prevents them from falling immediately into a current runaway and 
explosive breakdown common to metal emitters. The nanotube resistive heating is a tool 
to preferentially clean the principle emitters in an ensemble without external heating. 
This may be the reason that such excellent stability has been achieved in CNT flat 
screens where the vacuum conditions are far from UHV. The gradual length reduction at 
higher currents provides a tool for more uniform emission from a multi-nanotube emitter 
at the price of higher extraction voltage. This is useful in applications such as displays 
where uniformity is critical. 

Modelisation of the heat transport problem is essential for exploiting the FEES data to 
extract simultaneous estimates of the physical parameters of CNTs. It permitted estimate 
s of ρ(T) and κ(T) together for the first time. Measurements on different types of CNTs 
with a better characterization of their crystalline structure and dimensions are now 
needed for more quantitative calculations. The theory can then be extended to better 
include advanced models of the Nottingham effects and radiation cooling.  

In conclusion, the combination of ρ(T) and κ(T) estimates, the optical emissions and the 
in situ excitation of mechanical resonances [36] now gives FE access to four 
fundamental characteristics of a single nanotube or nanowire. 

(a) 
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