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Modelization of resistive heating of carbon nanotubes during field emission
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In this paper we simulate the resistive heating of carbon nanot@¢¥'s) during field emissiofFE) using
the one-dimensional heat equation including radiation and conductive losses. The simulations are in relatively
good agreement with our recent experiments in which we measured the heating of individual CNT’s to as high
as 2000 K during FE for currents-g of =2 uA. For low temperatures where radiation is negligible the
simulations reduce to an analytic solution that provides a universal guide to estimating current-induced heating
in CNT’s. The effects of this heating are included in the calculationk-pfas a function of voltage.
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I. INTRODUCTION nanotubes because mesoscopic behavior such as ballistic
transport that is apparently observable in high-quality CNT'’s

One of the foremost proposed functions for carbon nanoproduced by arc discharge, is completely masked by the high
tubes (CNT’s) is to serve as nanometric current carrying defect concentration in such tube$To investigate stable

wires in nanoscience and nanotechnology and as a resWbule heating during the FE process we model the CNT as a
there is now a large body of work on their electrical one-dimensional object of length in contact with a heat
conductivity>2 Another important and related function is that sink fixed at temperaturd@=T, at x=0 and include heat

they can be used as tips for field-emission soufcemsting  |osses by radiation on the length and the cap of the CNT, that

again as current carrying conductors. In both cases it is €35 for a nanotube in the vacuum. The appropriate time-
sential to understand the behavior of CNT's for high currentndependent heat equation is

densities and, in particular, their Joule heating as this will
define important limits for applications. Despite the impor- 2T
tance of the problem and its apparent tractability we have R 4_ 14 2_
found no study in the literature on the modelization of the KA& z X 2mrdxo(T7=To) + dRI=0, W
current-induced heating of CNT'’s.
This problem is all the more timely because recently Dearwherex is the thermal conductivity} is the cross sectiom,
et al® and ourselvéshave shown by different methods the the exterior tube radiusr is the Stefan-Boltzmann constant
existence of heating of CNT'’s to very high temperatures dur{we assume emissivityl), T, is the ambient temperature,
ing field emission(FE) for currents in the microampere dR is the resistance of a length elemei, and| is the
range. In our case, the temperatures at the apgx,of a  current. Our approach is to find the simplest approximations
clean nanotube were quantitatively determined from 300 Khat contain the essential physics. In realityand R are
to 2000 K® This was done by field electron emission spec-temperature dependent and vary greatly between nanotubes
troscopy (FEES, in which the total energy distributions fabricated by different techniqués.Because the CNT will
(TED's) of emitted electrons are measured. Furthermore théave a temperature gradient they also vary with position
voltage drop along the CNT, and hence also its resist&®ce along the tube. The experimémheasured the total resistance
were measured directly by the position of the TED peak. WeR which decreased by-70% asT, increased from 300 to
foundRto be~1 MOhm for CNT length of~40 um. The 2000 K. For this simulation we usdR=RdxL with R
high temperatures were accompanied by light emission anetR(300 K)—aT. R(300 K) anda are chosen to match the
both were concluded to be due to Joule heating along thexperimentx is the only parameter that was not measured in
CNT. the experiment and constant values found in the literature for
In this paper we present numerical simulations that SUPENT'’s fabricated by the same method of chemical vapor
port these conclusions. They are based on the onejeposition are usety.
dimensional1D) heat diffusion equation including heat con-  Radiation and temperature dependenceR afid«x can be

duction and radiation and depend on the CNT dimensiongeglected for low temperatures. Equatidn then has a use-
and resistance directly measured in the experiment. We alg@l analytic solution,
compare these simulations to analytic solutions, which then
serve as a general guide for CNT heating. In the last part we RI2 RI2
study the effect of the heating on the current-voltage rela- T(X)=To+ —X— =———X2, (2)
tionshipl (V) by including the temperature dependence of KA 2kAL
field emission. . .
which gives

II. HEAT EQUATIONS

. . . RL p [LI\2 p L22
In this paper we treat the nanotube as a simple resistance  T(L)-T,=ATp=z—1?=—| —| =o— )
which is justified for our chemical vapor depositié@VD) 2kA° 2x\A] 2k 72t
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FIG. 2. Temperature at the apex of the nanotubg, versus
emission currentg¢ using Eq.(1) (solid line). The data points are
d1he experimental values for two rufRef. 6).

FIG. 1. Temperature profiles along a 40m length CNT for
different currents simulated using Eqd) (solid lineg and (2)
(dashed lines The parameters used for this simulation are indicate
in Fig. 2.

g Plots using Eq(2) are also shown in Fig. 1 for currents of
The last form of EQ.(3) puts the accent on the intrinsic 410 and 900 nA. As can be expected, the temperatures found
parameters and is found by substitutiRer pL/A with p the  neglecting radiation and the temperature decreask afe
resistivity, A= r? and neglecting the cross section of the higher and at low nanotube temperatures they approach those
inner tube hole which from TEM observations+isl0% of A found allowing for radiation and®(T). The deviation be-
for our multiwalled nanotube$MWNT’s). Equation(3) is  tween the two is seen in Fig. 1 to be only 2% at 500 K but
useful for making quick estimates of the existence of appre30% at 1000 K. This means that E@) can be used rather
ciable heating in CNT's and shows how it scales with thewell below 500 K for heating effects in the vacuum.
different parameters, for example, it shows the strong inverse It is useful to turn Eq(3) around to consider what is the
fourth power dependence on radius. In the important conminimum currentl ,,;, for which specific temperature rises
figuration of a CNT of lengtt.” and resistancR’ connected occur. As two examples we estimate that the FEES method
at both ends for electrical connections and direct conductivpermits minimum temperature increages,,,;,~50 K to be
ity measurements, the solution can be found from equatioreliably distinguishable and that radiation effects are negli-
(3) by simply substituting-=L"/2 andR=R'/2. In this case gible belowAT,=200 K. In Table | we have calculated the
the maximum temperature is at the center and not at the endalue ofl,;, for AT,;,=50 K using Eq.(3) for different
The formula emphasizes that though it is interesting to hav@IWNT’s described in the literature, to show the large range
long and thin nanotubes to reduce the voltages for FE this
has, at constant andp, the counter effect of increasing the  tag| g | 1. for a temperature rise of 50 K calculated using
heating effects and reducing the maximum usable current. gq (3) for different nanotubes described in the literature. The cur-

rent is given forx of 100 and 1000 W mt K2,
I1l. SIMULATIONS AND COMPARISON

WITH EXPERIMENTS Reference Length Radius Resistance |},
Simulations using Eqgs(l) and (2) for the temperature (um)  (nm) (@) (nA)
profiles along the CNT's for different.g and the CNT pa- Franser? 3 22 1P 7-22
rameters of the experiment are shown in Fig. 1. They show; a|. (Ref. 12 0.22 10 810°° 42-130
that~50% of the CNT is above 08T, and that high values
of T, are reached at currents in the microampere range. Thebbessefi 3 3 ox10'  1-3.2

10.2  1x10°  3.3-10
6.3 1.5<10° 0.02-0.05
9.1 3x10¢P  50-170
5 1¢ 0.05-0.16
6.1 26100 1.2-4
7.4 36100 4-12

main result of this paper is shown in Fig. 2 where the simu-£t al. (Ref. 2
lated T, versuslgg is plotted (solid line) along with the

experimental values for two differemtV cycles. The simu-

lated T, is in the same range as that of the experiment and

thus the calculation supports the previous conclusion that the
temperatures measured in the experiment were correct and

due to Joule heating. In judging the agreement betweerm
simulation and experiment, the reader should bear in mind€e " et @l (Ref. 9 50 10 14-45
that in FE one typically measures current variations over siXaneto® et al. (Ref. 1) 20 20 %10° 1.8-5.6
to eight orders of magnitude and these plots have a lirear
axis in current. Thus an agreement better than an order GFE experiment.

magnitude for these first-order calculations is already arfiEstimated by the authors.
achievement. €2 points or 4 points measures.
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of I,i, possible depending on the CNT parameters. We con-
sider this analysis to be more valid for MWNT’s than for
single walled nanotubgSWNT’s) since thermal and electric
conductivities can be more complicated in that case. We have
selected only work wherR, L, andr had been determined or

at least estimated. The nonexhaustive data in Table | show
I min Varying from 20 nAto 170uA.

ot

ln-lg

(A O

IV. EFFECT OF TEMPERATURE ON 1/V
CHARACTERISTICS

2

-13
FE current is an increasing function of temperature and 10

therefore the current should increase above the Fowler-
Nordheim(FN) line, which assumes constant temperature, at
higher currents where heating occurs. This has been ob-

~

served experimentalR? The higher current then creates a

positive feedback mechanism for still more increased current

| 1
0.0013 0.0015 0.0017 0.0019

LV (Valty

by creating additional heating. In this section we combine g\ 3, Simulated and experimental Fowler-Nordheim plots ob-
the FN law extended to include temperature effects with thgajned in the presence of heating effects. The dark points are the

heating simulations to calculateg (V) for fixed temperature

experimental data, the line of small dashes is the FX&séE texy,

at the base tip. Note that to measure temperatures we hay@d the solid lines are the simulated curves. The dashed arrow in-
used an energy analyzer which is not often installed in FHiicates the current simulation in the case of conskant
chambers. Thus in addition to providing added confirmation

of the heating effects, th/V curves potentially provide a

The temperature rise in the simulation and experiment occur

simple alternative method for researchers to quantify thdor the same voltage and current range.

temperature rises.
The effect of temperature on FE current is givert®oy

P

V. D=16Y) s

N 1 wKgT)?
=1o(V)[1+ E(T) G
[o(V) is the FN law given by

lo(V)=AF%exd —B¢%¥%BV]. (5)

p=KgT/d,d=F(V/IA)/\$(eV), ¢ is the work function and

F is the field given byF = BV with V the applied voltage and
B a constant for a system of fixed electrodésand B vary
little with voltage and are taken as constants. The problem i
now solved iteratively between Eq4), (4), and(5) to give

lee(V).

The heating effect is more visible if we pldti /I ¢ defined
in Fig. 4 versus V for both experiments and simulations.
Al/lg(V) rises abruptly with current at a specific voltage.
The voltage is lower and the rise practically vertical for con-
stantR. We see that the experimental/l - also increases
abruptly withV until the highest currents where the last two
data points fall off the rising curve. These temperatures ob-
viously cause a modification of the CNT. We have confirmed
this behavior with numerous measurements at high currents.
It occurs in the 1600—2000 K range and has been previously
reportec® Again to judge the quality of the agreement be-
tween experiment and theory, note that this is a linear plot of
the difference of two currents that vary exponentially in volt-
age. The fact that the fast increase in current occurs in the
same voltage range is a further confirmation of the validity
of the temperature measurements.

In Fig. 3 we show simulated and experimefti(V) ! ' ' ' '
data plotted both conventionally againsV1and againsi. 05
The small dashed line defined s is found by fitting the T ]
portion of the experimental data below which heating effects M”F =
occur to the FN law. The calculated and measured emitted 0.6 |- *
currents are higher than those predicted using only(&xg. = Iv.T) - IF) / IF
However on such a plot the experimental current increases < 04l i
are not so striking and could, in fact, be due to other effects
such as field-induced apex sharpening or work function re-
duction. This is why the TED’s were necessary to defini- 0.2 .
tively prove the existence of temperature rises.

Simulations are shown assuming b&hdecreasing with 0 e 4 e - ’ . .
temperature as above and also assuriiig be constant. In 400 450 500 550 600 650 700 750 800

applied voltage (Volt)

the latter casddashed arroyvl g increases more abruptly
with voltage which supports the hypothésiisat the intrinsic

FIG. 4. Al/1 ¢ versus applied voltage. Experimental datashed
negative resistance coefficient of the CNT's is important forline) and numerical simulation&olid line are plotted in the case

allowing stable high temperatures induced by the FE currenif R decreasing withT or constaniextended by the arrow
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V. DISCUSSION the resistance and the field at the tip of the CNT and hence
the heating and emitted currents. These effects can be seen in
Fig. 4 where the last two experimental currents drop below
the rising curve because of nanotube modification at high
Blrrents. We are currently studying this by simulation to
quantify the induced nanotube modifications.

An increase in théc(V) curve above the FN plot at high
current has been previously measured by Detial® and
ascribed to the temperature dependence of the FE curre
given by Eq.(4). However, the authors invoke a different

heating mechanism. Based on our earlier work on nandtips, We have argued above that the heating controls the maxi-

they have proposed that the high temperatures are due ton"ﬁ‘um current,.,, that a nanotube can support. This is a

g’f?:éthﬁsgggha&etge rgzqﬂ;ﬁﬁiserr:li dgg tgrttr;?tr']\leOtt:ggbrean?echnologically important parameter. Simulations using the
: 9 9 ybep b heat equations must be carried out to estimatg, accu-

for example, as a mechanism for initial current-induced . . . ;
4 -~ _rately as no analytic formulas exist which describe how the
cleaning of nanotube's,there are several arguments against

; . ) ) S . combined effects of Joule heating, heat conduction and ra-
this being the major heating mechanism in our experiments;. _.. . .
iation depend on the specific nanotube parameters and their

First, the I_arge local h_ea_tlng effects _referred to ’above depengepen dence on temperature. However, a simple order of
on the existence of distinct peaks in the TED’s well below . . ; . .
magnitude estimate is suggested from our simulations and

Er that shift I!nearly with the applle_d field and a_re.due to theexperiments. We note first that from experiments and(8).

precise atomic structure of a nanotip at the emission site. OL1|’N400 A for T.~500 K. Second. nanotube modification
), A . ]

TED’s do not have the peak structure and yet we measurgegins afl ,~1600—2000 K fol~2 A, i.e., an increase

high stable temperatures. In fact, we have carried out SOME5 e times in the current. Thus we bropose an order of
preliminary simulations that include the Nottingham effect ' prop

using the measured TED’s to find the average energy loss orpagnltude estimate Is
I max™ 91500k (6)

gain and the emitted current. We find corrections to the cal-
culated temperatures of the order ©fL0% at 2000 K, de- here | . lculated f ii tub i
pending on which series of TED is used. This is appreciabl%v Er€lsopk IS calculated for Specilic nanotube parameters
but still of second order. In general, the Nottingham effect is rom Eq. (3).
considerably diminished because the TED's tend towards a
symmetric shape at the higher temperatures caused by Joule
heating, which implies a relatively low average energy ex- These simulations demonstrate that a one-dimensional
change per electron emitted. Second, the peak structures dalculation for current-induced heating in carbon nanotubes
the nanotip TED’s are not reproducible and vary largely inis a necessary and fruitful first-order approach. It gives tem-
form with the structure of the nanotip, as does the emissioperatures in the range of the experiment confirming that the
current. At high currents the nanotips undergo rapid changelseating during FE measured experimentally is due to a Joule
in structure accompanied with wildly varying energy spectraeffect. The key was that the experiment gave access 19
and currents and often undergo sudden destruction. In our, andr for semiquantitative comparisons. For better com-
experiments the current and heating were stable effectparisons we will need to have better measurements of the
Third, local heating would generate a hot spot concentratedimensions of the CNT in question. The deviations between
at the end of the nanotube which would not provide enouglexperiment and theory will then give us access to other fun-
light to be visible by the naked eye as we have observedlamental processes such as the temperature dependeRce of
Finally in this work we show that the experimental and simu-and «, Nottingham heating effects and induced nanotube
lated temperatures are consistent with resistive heating whicmodifications. From the point of view of applications, this
musta priori be taken into account. heating process has been shown to permit CNT cleaning
The modelization predicts temperature increases withouwithout external temperatuteand to lead to the partial or
limit as a function of increasing current. However, field as-complete destruction of CNT'’s, setting the maximum current
sisted evaporation will set in at high temperatures to modifyone can extract from CNT’s in FE devices. The simulations
the nanotube and limit the temperature rises, as pointed ouow provide a firm basis for analyzing and controlling these
by Deanet al. Length reduction will occur, which reduces processes.

VI. CONCLUSION
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