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ABSTRACT

The thermal conductivity of individual multiwalled carbon nanotubes was measured by utilizing the four-point-probe third-harmonic method,

based on the fact that the third harmonic amplitude and phase as a response to applied alternate current at fundamental frequency, o, can
be expressed in terms of thermal conductivity and diffusivity. To this end, a microfabricated device composed of four metal electrodes was

modified to manufacture nanometer-sized wires by using a focused ion beam source. A carbon nanotube could then be suspended over a

deep trench milled by the focused ion beam, preventing heat loss to the substrate. Compared with the two-point-probe technique, a significant
improvement in accuracy is assured by using four probes, because the contact contribution to the determination of the thermal conductivity

is eliminated, making it possible to measure the correct signals of first and third harmonics. The multiwalled carbon nanotube was modeled

as a one-dimensional diffusive energy transporter and its thermal conductivity was measured at room temperature under vacuum to be

300 + 20 W/mK.

Theorie$? and experiments® showed that carbon nanotubes by utilizing the “thermal conductance” technidtfeand the
have remarkable thermal properties. However, both the “3-»” method®7 A previous study showed that the multi-
experimental data and the theoretical predictions are scatteredvalled carbon nanotubes (MWCNTS) with diameter of about
over 1 order of magnitude. For example, in recent experi- 40 nm have a dissipative nature, in which a one-dimensional
ment$- the reported thermal conductivities for multiwall transient heat transport equation can be used to derive the
carbon nanotubes at room temperature are in the range 400 third harmonic voltage expression as a function of thermal
3000 W/mK, likely depending on the type and size of carbon conductivity. Since the measurement platform in ref 5
nanotubes (CNTSs) utilized, which give rise to different mean provided only two probes, there remains an uncertainty in
free paths of the energy carriers. There is still a need for athe measurement of the true dc resistance, which contributes
reliable and reproducible measurement technique to test theto power dissipation along the nanotube. In the two-point
theoretical predictions and to provide fundamental thermo- probe method, the contact resistance cannot be completely
physical data for an efficient design of carbon nanotube basedeliminated with certainty. This contact resistance is often
nanoelectronics. To fully understand the fundamental heatincluded in the resistance measurement. Even though at a
transport characteristics in the mesoscopic scale, reliable dataertain frequency an ac current can short circuit the
of thermal conductivity for various sizes of nanotubes should capacitance in the electrical network between the nanotube
be collected in a reasonably precise manner. To this end,and the metal contacts and, thus, the contact resistance can
we developed a novel measurement technigue based on thdave no effect on the third harmonic sigfat, will be a
four-point-probe third-harmonic (@) method with as- source of errors in the calculation of thermal conductivity
sistance of a focused ion beam (FIB) source for the since the thermal conductivity depends on the dc resistance.
fabrication of the needed experimental device. Moreover, a careful selection of frequency range is necessary,
The thermal conductivity of individual carbon nanotubes which can be accomplished by two-point and four-point
or bundles of single-walled CNTs has been recently measuredprobe measurements.
In the current study, we have developed the four-point
_*To whom correspondence should be addressed. E-mail: 3- method for a carbon nanotube. However, the proposed
dimos.poulikakos@itnt.iet.mavt.ethz.ch. method can be easily implemented to other nanosystems.
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spurious signals caused by it could be avoided. Hence, the .1

contact contribution can be neglected in both the electrical Reference N @) (¢ e

a}nd the t.hermal network_. To construct a four-wire connec- LOCKIN 1, AC current S GND
tion, a simple nanofabrication process was developed in AMP

which FIB milling was performed on a prefabricated mi- A@® :] — oy

crodevice. The control of individual carbon nanotubes was o o ( ) fa' eNT

realized by dielectrophoresi§. By applying a constant 5@ ¢ Y 1

amplitude ac current through the carbon nanotube, we could — GND ,‘,

generate a temperature rise fluctuating at the second harmonic

and measure the @-signal, which is used to compute the Figure 1. Schematic diagram of the measurement setup. The third
thermal conductivity. The multiwalled carbon nanotube used harmonic signal generated in the specimen is measured, due to the
in this study shows a dissipative nature. fundamental ac current excitation. A precisely controlled ac current

MWCNTs are diffusive conductofsi2 A study with source is used to prevent voltage overshoot, which can damage
. . . .. the CNT sample.
scanning thermal microscopy (SThM) pointed out the dif-
fusive nature of MWCNTS, represented by the temperature
gradient along the nanotuBeThis diffusive behavior is  Hz, 3 s oftime constant is sufficient for stability. Regarding
shown in a recent electrostatic microscopy stéidys a current supply, one can use a simple operation amplifier and
consequence, the one-dimensional heat diffusive equationa resistor for a constant current source for the measurement
along the nanotube suspended between two metal electrodesf a Pt microwire’ For the measurement of CNT, a more
can be utilized to obtain a closed form solution of the third precise and very well controlled current source (with
harmonic response as shown in eq 1 minimum overshoot) must be employed because the carbon
nanotubes can be damaged due to the high current density
aT . 2T IS sinf ot caused by the overshoot. A Keithley 6221 fits well into this
PC o ka—XZZT[Ro +R(T-Ty] (D) category of current sources.To control and place a CNT
across designated electrodes as shown in Figure 2b, a
) microdevice that has four electrical contacts was prefabri-
where L, R[=Ro + R(T — To)], andSare length, electrical  c4eq py the lift-off technique (not shown in the figure). The
resistance, and cross sectional area of the CNTSs, respectivelyg|ectrical contacts were then modified by using FIB. Figure
R is the temperature gradient of the resistance at room », genicts four nanofabricated electrodes. The two electrodes
temperature defined asfliT)r,. The initial and boundary 4 the ends (labeled 1 and 4 in the figure) were milled in a
conditions for the temperature are room temperatufg (o, nd shape to increase the yield in the deposition of CNT

at time= 0 and at the contacts between the CNT and the along the electrodes. The deep trench (depth of ovem).

][lnettal t(.alectrtcmes. By ;ck)llvmg f_orf the tempc;zature. 1j[|eld was made in the middle of the contacts. This effectively
uctuating at the second harmonic frequency (the resis anceprevents the nanotube from touching the substrate. If it

1;Iluctuat|pn is at the sa;r][(ra] frequtency),. t%ne can obtain thfelﬂ;[f touches the substrate, electrical and/or thermal insulation will
armonic response ot tne system with an accuracy ot .27, o ensured, leading to short circuit with the substrate

iti 2 22| i 7
when the conditionl®RLirz*kS < 1 is met. (for a Si substrate) or change of boundary condition (for Si
and/or dielectric substrates).

3
\@o RRL @) The next step is to position a commercially available
kS carbon nanotube purchased from Nanolab, Inc., USA (Figure
2b). A detailed procedure of deposition was explained in a

To satisfy this condition, the input current should be kept Previous study.One aspect to note is that the preparation
as low as possible to increase the measurement accuracy andf the carbon nanotube solution with correct concentration
avoid spurious signals caused by the possible heat generatiog@nd cleanliness is crucial for the success of placement of
at the contacts leading to change of boundary conditions.individual carbon nanotubes. One milligram of carbon
The maximum current amplitude depends on the resistancenanotube powder was mixed with 3 mL of pure ethanol. This
of the sample. Typically, the input current is limited to Solution (a seed solution) is then sonicated for a few minutes
10 uA (whenR ~ 10 kQ) or several tens giA (whenR ~ to disperse the nanotubes homogeneously. Oply 6&f this
1 kQ). seed solution is dispensed into 25 mL of ethanol. The

Figure 1 shows a schematic diagram of the experimental successively diluted solution was ensured to maintain the
setup. The lock-in amplifier (Stanford Research System SR cleanliness and proper concentration. The diluted solution
850) was used to pick up thed-signal by amplifying the  was finally sonicated for about 5 h. The yield for the
small voltage £uV) and removing the noise. The lock-in  deposition of individual carbon nanotubes turned out to be
parameters for measuring such a small signal should bepoor (<10%) in this study because the size of nanotubes in
carefully selected in order to obtain stable signals with the solution ranges from 15 to 45 nm. Another cause is due
minimum noise. In the current study, 50¥ full scale and to the electrical interference between the round and straight
maximum dynamic reserve were set in the instrument. Sinceelectrodes; the electric field is applied between the round
the working frequency for the sample in this study is 1000 electrodes.

3w,rms,vac=
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Figure 2. A series of pictures of a four-point-probexBexperiment: (a) four-wire construction by focused ion beam milling; (b) selective
deposition of single CNT by dielectrophoresis; (c) electron beam soldering at four contacts.
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Figure 4. dc resistance & = 24.4-27.9°C. The measured data

Fiqure 3. Sinale carbon nanotube deposited along the four metal reveal a linearly decreasing value as the temperature rises, as
9 ) 9 p 9 expected. The calculated temperature coefficient1g.8 Q/ °C.

contacts. The outer diameter of the nanotube is measured at 20 nm
and the inner diameter is estimated at 10 nm. The deep trench made
by FIB with a depth of over Jum prevents the nanotube from 1, \yas covered by a radiation shield which is also
touching the substrate (Si in this study). s

maintained at the same temperature of the block. The

) ] resistance and the temperature coefficient of the sample were
Once the deposited carbon nanotube is located along thepeasured at 9.36k and—14.8Q/ °C atT = 24.4°C. It

four metal electrodes, the four contacts between the nanotubeshomd be noted that the highest possible current was applied

and metal pads can be soldered by electron beam assisteg}, yayimize the resolution of the measurement with no self-
Pt deposition in the dual beam FIB chamber (FEI Strata 400) heating effect. By applying nearly zero current (100 pA),

as shown in Figure 2c. In this manner, _the contact resistancea electrical wire junctions were examined to make sure
can be greatly reduced. Further annealing at®¥56as been  5; no thermocouple voltage is generated.The contact

performed to almost eliminate the contact resistdfice. contribution to possible generation of artifacts is thoroughly
Figure 3 shows another sample prepared by the afore-examined by two- and four-point dc resistance measurements
mentioned procedure. The nanotube diameter was measuregnd by an ac impedance spectroscopy study. The contact
at 20+ 1.2 nm of outer diameter with ultrahigh resolution  contribution has both an electrical and a thermal effect. When
in the SEM. An inner diameter of 10 nm is estimated from the electrical contact resistance is too high, the measured
TEM pictures provided by the supplier (Nanolab, Inc., USA). third harmonics will be affected by the heat dissipation that
The length of the tube along the trench is measured at 1.4occurs at the contacts due to the Joule heating. Incorrect
um. All the measurements including resistance, temperature,selection of a Working frequency will result in a misinter-
and 3« signals were made in a vacuum ak610~® mbar.  pretation of experimental results. The heat dissipation at the
The resistance was measured in the temperature range ofontacts due to the electrical contact resistance turned out
24.8-27.9°C, which is close to the measurement temper- to be negligible for the entire range of current excitation.
ature of the 3w signal (Figure 4). dc resistance was obtained The ac impedance measurements were used to select a correct
since only the real component of the impedance contributesworking frequency with which no electrical artifacts are
to the power dissipation. The carbon nanotube sample wasinvolved.
placed on the calibration block, which is composed of a  The contact resistance gives rise in general to a spurious
thermometer and a heater. To measure accurately, the entirsignal in measuring the @ voltage. In addition, it results
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Figure 5. Impedance spectrum for the carbon nanotube in Figure 2c measured with four-wire configuration in the frequency range of
0.5-50000 Hz. Two resonance points are indicated at 50 and 100 Hz.

in an uncertainty in the measurement of true dc resistance
(which is responsible for the @& signal) and in possible
boundary condition changes. Depending on the type of the
outermost shell of the CNT, the contact can be Schottky or
ohmic. The sample used in this study showed nearly ohmic
contacts. By applying the known dc current between the
contacts 1 and 4 and measuring the voltage drop across 2
and 3 (in Figure 2a), one can determine the resistance of the
contacts and the test section. The resistance by the two-
point probe configuration is expressed Rgoint = Read +
2Rcont + Rent. MeasuringRzpoint andRent by two- and four-
point probes and neglectif@eaq (~10 Q in this study), we
obtain the contact resistance Bsnt = (Repoint — Rent)/2, 1 . e
which turned out to be about 8% d®nr. The contact 1 10
resistance measured in this study will not affect the third Current, Io’ pA
harmonic signal because of the low current excitation (the
maximum power dissipation at the contacts is much smaller Figure 6. Measured 3» signal as a function of input current. The
than the minimum power for the @-signal). Additionally, measurement Was_achieved at a _wor_king freqqency of 1000 _Hz.
the contact metal pads are large thermal reservoirs in whichl]gepiég?cq%? obtained by best fitting is 2.9, which complies with
the temperature is fixed at the initial temperature at all '
conditions of experiment. At room temperature of 24.4C, the 3e signal was
The carbon nanotube is modeled as a resistance, capacitomeasured at the frequency of 1000 Hz. The working
and an inductor which are connected in parallel. The four- frequency was selected by ensuring that there exist no
point-probe spectroscopic measurement of impedance isartifacts (as presented in the frequency range om0
shown in Figure 5. In the frequency range of-6300 Hz, Hz) and possible high-frequency noises are prevented. At
the impedance stays nearly constant except for the twothe frequency of 1000 Hz, the four-point-probe ac resistance
resonance points, suggesting that capacitance and inductanceirned out to be close to its dc counterpart (within 0.1%,
have no notable effect on the impedance measurement. Incompare Figures 4 and 7), rendering a correct interpretation
fact, geometrical inductance and capacitance for a long coil of heat dissipation at this frequency.
with radius of 10 nm and length of Am can be estimated The 3w signal starts appearing atid (Figure 6). The
to be of the order of 100 pH and 0.1 fF, respectivéhuhich starting current is relatively low as compared to the previous
does not contribute to the total impedance in the frequency study due to the high resistance of the sample. The signal
range of this study. Regardless of the wire configuration, follows well the predicted third power law as shown in eq
there exist two resonance points at 50 and 100 Hz, implying 2. The exponent from the best fit of the measured points is
that they are not originated from intrinsic capacitance or 2.9, being very close to the third power. It can be concluded
inductance. A possible cause is due to the interference withthat the employed sample in the current study also shows a
the wall outlet power. The parasitic capacitance effect causeddissipative nature. Using eq 2, one can calculate the thermal
by the dielectric film (SiN in this case) appears to be evident conductivity of the sample from the measurea Jignal,
at frequencies over 5000 Hz. From this measurement, oneresistance, temperature coefficient, length, and the CNT
can ensure that no elecrical parasitic artifacts appear in adiameters. Averaging the calculated data, the thermal con-
certain range of working frequency and the present work ductivity is obtained to be 30& 20 W/mK. This measured
was performed in this range. value is 1 order of magnitude smaller than that of single-
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Figure 7. Measured resistance as a function of current and
calculated average temperature rise along the sampleé =t
24.4°C and aff = 1000 Hz. The relationship between the current
and resistance for most of the range is approximately linear.

walled carbon nanotube predicted by thebBossible causes

of lower thermal conductivity from multiwall CNTs are the
intertubular scattering of phonons and anharmonic scattering
process (Umklapp process), which is the dominant scattering
mechanism at room temperature. This process occurs within
the mean free path of phonolsAssuming that the group
velocity of phonons and specific heat of a CNT ar20000
m/s'® and~1000 kJ/(n K),”1" respectively, one can estimate
the phonon mean free path with the relatidn= %scyl
derived from the classical kinetic theory. The estimated value
is at around 50 nm. In this case, the local temperature along

the specimen can be defined since the characteristic length

(1.4um) is much larger than the mean free path of the energy
carriers. So, heat flow through the MWCNT is diffusive,
which agrees with the prediction.

The measured resistance at the working frequency of 1000
Hz as a function of input current is shown in Figure 7. The
substrate temperature is set at 2424 Another representation
of this figure is thel—V characteristic, since the measured
signal is the voltage. Thie-V characteristic shows deviation
from a linear trend (in other words constant resistance)
beyond 3uA, which coincides with the incipience of the
3-w signal. It is interesting to note that the average
temperature rise along the CNT is a couple of degrees at
7 uA. This implies that the 3» measurement is very sensitive
to a small temperature fluctuation and that the temperature
of the specimen did not greatly deviate from the substrate
temperature, which excludes the possibility of the artifact
due to the high-temperature rise along the sample. It should
be noted that in this temperature rise, the radiation loss due
to the fluctuation of the temperature can be neglected. The

Nano Lett., Vol. 6, No. 8, 2006

errors involved with the measurement are summarized as
follows: 0.03% for resistance, 2% for length, 6% for
diameter, 2% for 3v voltage. The total estimated error falls
within £7%.

In summary, we introduced a novel method to characterize
the thermal and electrical properties of a suspended individual
nanostructure, which can be a great interest to nanotechnol-
ogy in terms of control and characterization of nanosystem
components. It was shown that the thermal conductivity of
individual multiwalled carbon nanotubes can be obtained by
the four-point-probe 3 method. As compared to the two-
point probe 3 method, the accuracy of the measurement
is significantly enhanced by eliminating the contact contribu-
tion in the measurement. The measured value for the CNTs
investigated in this paper is 3@020 W/mK. The dissipative
nature of phonon transport has been verified with the
measurement of 8r signal, which follows the third power
law.
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