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Introduction

One-dimensional (1D) nanostructures such as nanotube
nanowires, and nanobelts have unique thermophysical proper?es
very different from those of their bulk counter parts. In general, as ~
these materials are confined to low dimensions with a size co
parable to the scattering mean free paths, the thermal conducti\/‘?ﬂfr
is often reduced due to increased boundary scattering and modi-
fied phonon dispersiofi,2]. An exception to this scaling trend is
carbon nanotube&€CNs). Due to the unique crystalline structure,
boundary scattering is nearly absent in CNs, giving rise to sud&*
high thermal and electrical conductivity that makes the CN
ideal candidate for nanoelectronic applications. Furthermore,
single wall(SW) CN is an ideal system to study quantum therm
conduction phenomena. For examplg18,10 SWCN has a se-

ries of phonon sub-bands near the zone cefiéér The small

diameter @;) of the nanotube causes relatively large sub-ba o
splitting between the acoustic and the optical modes. For a te
peratureT <2hv/(kgd,), whereh, v, kg, d; are Planck constant,
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phonon group velocity, Boltzmann constant, and tube diameter,
gespectively, only four acoustic modes are occupied, and the ther-
ral conductance of a SWCN is expected to show linear tempera-
ure dependence with a maximum possible vabye=4g,. Here,
= 72k3T/3h=(9.46x 10" )T (WIK) is the universal quantum
hermal conductancit].
he potential applications and intriguing nanoscale thermal
conduction physics has inspired several groups to measure See-
beck coefficien{5], specific hea{6,7], and thermal conductivity
9] of CN bundles and mats. Hone et al. measured the thermal
a(‘rpnductivity [7,8] and Seebeck coefficief®] of millimeter size
t samples made of CNs. The measured thermal conductance
ows linear temperature dependence below 25 K and extrapo-
ates to zero at zero temperature. The measurement results have
advanced our understanding of thermal conduction in CNs. How-
er, it is difficult to extract the thermal conductivity of a single
be from such measurements because the sample consists of nu-
merous micrometer-long tubes connected into a millimeter-size
mat. As such, there exist large contact thermal resistances at the
junctions between individual tubes in the mat. Further, the filling
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sequence, the estimated room-temperature thermal conductivity of
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the mat is about 250 W/m-K, one order of magnitude lower than

theoretical predictionsl0—12. In addition, the measured thermal Lone SiN. beam —h ®

conductance increases with temperature for the entire temperature | & : — F’./
range of 8—350 K, showing no signature of Umklapp phonon- »0‘,,@.,'---‘;""; \ {

phonon scattering. This indicates that the dominant scattering j ‘

mechanism is phonon scattering by defects and boundaries. Yi S Sy \ r‘/ﬂ
et al.[6] used a self heatinge@method to measure the Specific  |[— SIS~ Electrode
heat and thermal conductivity of a suspended millimeter-long | ,‘.—-‘—"’“‘—'r«’_’ _—4

aligned multi-wall(MW) CN bundle with an apparent cross sec- r‘SiL\J\ membrane™® r

tion of 107 1° to 108 m?. The measured specific heat exhibits

linear temperature dependence in a temperature range of 10—30(

K, showing a different behavior from the results obtained by Hone

et al. In addition, because of the large thermal resistance at the :

defects and at the contacts between individual tubes, the measure: e

thermal conductivity is about 20 W/m-K at room temperature, two PRT . 20 ¢ .

orders of magnitude lower than theoretical predictions for a single e - 20 pm .

defect-free tube. ® Spot Magn T DePeWD Exp W—w—w1 20Mm
It is necessary to investigate the intrinsic thermal transport

properties of individual CNs by eliminating the influences fronfrig. 1 SEM micrograph of a microdevice for thermal property

contact thermal resistances at the junctions between individuggasurements of nanostructures

tubes and from phonon scattering between adjacent tubes. This is

also the case for other nanostructures including a variety of nano-

tubes, nanowires, and nanobelts. Of particular interest, nanowi[ﬁng the patterned LTO as a mask, the unprotected Pt film is
of Bi and Bi, Te; may exhibit significant enhancement of the theretched using ion milling or sputter etching to make serpentine
moelectric figure of merit, and have potential applications in effpRT |ines(Fig. 2(b)). After the photoresist and LTO are stripped,
cient thermoelectric energy conversiph3,14). Currently, there 3 300-nm-thick LTO is deposited on the wafer. A photolithography
have been few measurement data of thermal properties of inghd wet etching step is then used to open contact windows to the
vidual nanotubes, nanowires, and nanobelts. This is because g@ptontact pads for wire bonding, and to the L wide Pt
ventional techniques for thin film thermal property measurementgectrode near the PRT. This Pt electrode is used for making elec-
such as the @ method[15], cannot be used readily for theseyical contact to the sample. A photoresist film is then spun on the
nanostructures due to the small sample size. In order to concyiafer and patterne¢Fig. 2(c)). The pattern is transferred to the
rently measure thermal conductance, electrical conductance, & film by RIE. After the photoresist is stripped, tetramethylam-
Seebeck coefficient of CNs, we and our collaborators developeg@nium hydroxidg TMAH) is used to etch the exposed Si region
suspended microdevice in a previous wot6,17. We used the and the suspended structure is released when the Si substrate is
device for measuring thermal conductivity and Seebeck coeffitched away, as shown in Fig(e2 The etching pit in the Si

cient of an individual suspended MWCN and obtained results #pstrate is usually about 100-2@0n deep, and as such the
agreement with theorj17]. Here, we further optimize device de-

sign and fabrication process, improve the measurement method,
and employ the technique for thermal property measurements of a
variety of one-dimensional nanostructures. The following sections
discuss the design, fabrication, measurement method, sensitivity,
errors, and uncertainty of the technique. As a demonstration of the
technique, the measurement results of two SWCN bundles are
presented.

/

Contact pad Pp¢

Experimental Methods

Device Design and Fabrication. Figure 1 shows a scanning
electron micrograpHSEM) of the microdevice. The device is a

suspended structure consisting of two adjacentud®x25 um ¢
low stress silicon nitride (Sify membranes suspended with five
0.5-um-thick, 420um-long and 2um-wide silicon nitride beams, ~ Photoresist
One 30-nm-thick and 300-nm-wide platinum resistance thermom-

eter (PRT) coil is designed on each membrane. The PRT is con-

nected to 20Qumx200 um Pt bonding pads on the substrate via

1.8 um wide Pt leads on the long SiNbeams. An additional 1.8

um wide Pt electrode is designed on each membrane next to eact

other, providing electrical contact to the sample.

The device is batch fabricated using a wafer-stage microfabri-
cation process, as shown in Fig. 2. First, a ArB-thick low-

stress Sil film is deposited on a 100-mm-diameter wafer using a ¢
low pressure chemical vapor depositiobPCVD) method, as

shown in Fig. 2a). A 30 nm-thick Pt film is then deposited on the

SiN, film by radio-frequency(RF) sputtering. A 300-nm-thick low

temperature silicon dioxid€LTO) is grown on the Pt film using

LPCVD. A photoresist is spun on the LTO film and patterned

using an I-line wafer stepper. Combined with an oxygen plasma

etching technique, the wafer stepper can produce photoresist pat-

terns with a line width below 0.4m. The photoresist pattern is
then transferred to the LTO film using reactive ion etchiR¢E). Fig. 2 Fabrication process of the microdevice
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sample-electrode contact is annealed in the high-temperature

a . : il R growth process, leading to low contact resistances.
-

Sn0; _, FIB W 10 nm diameter

nanobelt SWCN bundle ~ Measurement Method

Thermal Conductance.Figure 4 shows the schematic diagram
of the experimental setup for measuring the thermal conductance
of the sample. The suspended structure is placed in a cryostat with
a vacuum level better thanx10 ° Torr. The two suspended
membranes are denoted as the heating membrane and sensing
membrane, respectively. A dc curreit flows to one of the two
PRTs. A Joule hedD,,= 2R, is generated in this heating PRT that
has a resistance &,. The PRT on each membrane is connected
to the contact pads by four Pt leads, allowing four-probe resis-
tance measurement. The resistance of each Pt ld&d, isvhich is
about half ofR, . A Joule heat of B, =2I%R,_is dissipated in the
two Pt leads that supply the dc current to the heating PRT. We
assume that the temperature of the heating membrane is raised to
a uniform temperaturd,,. This assumption can be justified be-
cause the internal thermal resistance of the small membrane is
much smaller than the thermal resistance of the long narrow
Fig. 3 SEM image of a SnO , nanowire (a), a 10 nm diameter ~ beams thermally connecting the membrane to the silicon chip at
SWCN bundle (b), a 148 nm diameter SWCN bundle (c), and a  temperaturel,. A certain amount of the heat),) is conducted
CVD-grown SWCN (d) connecting two Pt electrodes on two through the sample from the heating membrane to the sensing
suspended membranes one, raising the temperature of the latterTtp. In vacuum and

with a smallAT,(=T,—To<6 K), the heat transfer between the

two membranes by air conduction and radiation is negligible com-

pared toQ,, as discussed below. The heat flow in the amount of
suspended structure does not collapse to the substrate even vihis further conducted to the environment through the five beams
out the use of a critical point dryer. Using this wafer-stage fabrgupporting the sensing membrane. The rest of the heatQse.,
cation technique, about 2000 densely packed suspended structd&+2Q.—Qz, is conducted to the environment through the
can be made on a 100 mm diameter wafer. other five beams connected to the heating membrane.

A nanotube, nanowire, or nanobelt can be placed between thd'he five beams supporting each membrane are designed to be
two suspended membranes by several methods. One way is toigeatical. It can be shown that below 400 K, the radiation and air
a sharp probe to pick up a sample, and then manipulate the prg@duction heat losses from the membrane and the five supporting
using a probe station to place the sample between the two mepgams to the environment are negligible compared to conduction
branes. The process requires a high-resolution optical microscopeat transfer through the five beams. Hence, the total thermal
This method was employed in our previous work for placingonductance of the five beams can be simplified Gg
MWCN bundles and individual MWCNSs between two membranes 5ki/A/L, wherek;, A, andL are the thermal conductivity, cross
[17].

The probe manipulation method is a tedious process. In view of
this, we have developed two different approaches for trapping a
nanostructure sample between the two membranes. In the f~* . .
approach, a solution containing the nanostructures is dropped : Heating membrane Seastug membrane
spun on a wafer containing many suspended devices. We h:
found that the nanostructures are often adsorbed on the two

148 nm

diameter —
SWCN bundle

Pt

electrodes. Figures(8-0 show a Sn@ nanobelt, a 10 nm diam- 0 Sgl%# & >0
eter SWCN bundle, and a 148 nm diameter SWCN bundle a :
sorbed on the two membranes, respectively, by this wet depositi

method. To improve the thermal and electrical contact betwe oL

the sample and the Pt electrode, we usually anneal the deviceBeam, G, [ Beam, G}
300°C for a few hours. Further, a small tungsten or Pt pad can | ‘

deposited on top of the sample-electrode contact using a focu [ - |Q | ‘

ion beam technique, as shown in Figa3 Alternatively, an amor- w 0 E""'r;“me"t 2 l

phous carbon film can be deposited on top of the sample-electrc | ?

contact region. To do that, the electron beam of a SEM is focus ”

on the contact region with a high magnification of 200,000 ¢ v'\ \j

larger. Because of organic contamination in the SEM chamber, t = i

electron beam induces the deposition of a carbon film on the {

cused region. This can further improve the contact. H Ii!]
In the second approach, we employ a chemical vapor depositi

(CVD) method to grow individual SWCNs bridging the two mem-

branes. To do that, we first spin a solution containing cataly . 66 I+ G, T

nano-particles made of Fe, Mo, and,®; on the suspended ._/V\,_._/V\,_,

membranes. This yields many catalyst nano-particles deposited -—

the Pt electrodes. The suspended device is then placed in a 90 0:

CVD tube with flowing methane resulting in individual SWCNs

grown between two catalyst particles on the two Pt electrodesg. 4 Schematic diagram and thermal resistance circuit of the
Figure 3d) shows a SWCN synthesized by this method. Thexperimental setup
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sectional area, and length of each beam, respectively. We ¢ T T T T
obtain the following equation from the thermal resistance circu 39|
shown in Fig. 4,

Q2=Gp(Ts—To)=Gs(Th—Ty), 1)

whereGg; is the thermal conductance of the sample and consists
two components, i.e.,

Gs=(G,'+G, 1) )

where G,=k,A,/L, is the intrinsic thermal conductance of the &
nanostructurek, , A,,, andL, are the thermal conductivity, cross % 45l
sectional area, and length of the free-standing segment of 1
sample between the two membranes, respectilyis the con-
tact thermal conductance between the nanostructure and the 10}
membranes. Because the temperature excursignis small,Gq, i ; . e
Gy, andG, are assumed to be constant/s§y, is ramped. 1 10 100 1000
Considering one-dimensional heat conduction, one can obt:
temperature distribution in the ten beams supporting the twu
membranes. A Joule he?‘t QL is gene_rated unlforml_y in each of Fig. 5 Normalized first harmonic component of the measured
the two Pt leads supplying the heating current, yielding a pargsistance rise of the heating PRT as a function of the fre-
bolic temperature distribution along the two beams; while ”ne%ruency of an ac current coup|ed to the dc heating current
temperature distribution is obtained for the remaining eight beams
without Joule heating. The heat conduction to the environment
from the two Joule-heated beams can be derived Qas

=2(GpATy/5+Q,/2); while that from the remaining three beamg A srg30 lock-in amplifier is used to measure the first harmonic
connected to the heating membran®iss=3G,ATy/S, and that  component ¢,,) of the voltage drop across the heating PRT,
from the five beams connected to the sensing membra@&ds yie|ding the differential resistand@,=uv ,./i,. For R, obtained
=GpATs, where AT=T,—T,. Considering energy conserva-py this method, it can be shown that

tion, i.e.,Qn ot Qp st Qss=Qnr+2Q, , one obtains

251

20

/4R (f=2000 Hz)

Frequency (Hz)

Qnt+ QL =ﬂ <
Gb:ATh+ATS’ (3a) ATy(1) 3dRh(|:0) , for f<1/(2n7) (6a)
and dar
AT, ARy (1)

(30) AT, ()= for f>1/(2m7) (6b)

Gs GbATh—ATs' dR,(1=0) '

Q, andQ, can be calculated readily from the dc current and the dT
voltage drops across the heating PRT and the Pt le®dg.and
AT, are calculated from the measured resistance of the two PR¥Bereis the thermal time constant of the suspended device, and
and their temperature coefficient of resistance (TCR estimated to be on the order of 10 ms. The difference between
=(dR/dT)/R). The four-probe differential electrical resistariRg these two solutions origins from a first harmonic modulated heat-
of the sensing PRT is measured using a SR830 lock-in amplifieg component, i.e.,i2d Ry, . At a very low(high) frequency com-
with a 250-500 nA, 199 Hz sinusoidal excitation current. Thpared to 1(277), the modulated heating yields a nontrivial
temperature risA T of the sensing membrane depends on the D@rivial) first harmonic component iff,. This further causes a
currentl of the heating PRT, and is related R according to the nontrivial (trivial) first harmonic oscillation inR,. This effect

following equation gives rise to the factor of 3 difference between E@) &nd Eq.
6(b). In addition, 7 is proportional toC/k, whereC andk are the
AT(1)= AR() AR(N=Ry(1)—R(1=0) (4) heat capacity and thermal conductivity, respectively. According to
s dRy(1=0) ’ s s s the kinetic theoryk is proportional toCl, wherel is the phonon
—daTr mean free path and increases with decreasing temperature. Hence,

) ) ) ) 7is proportional to 1/and decreases with decreasing temperature.
The differential resistanc®;, of the heating PRT can be ob-Therefore, the transition between Egagand Eq. 6b) occurs at a

tained by one of the two following methods. In the first methochigher frequency as the temperature is lowered. This frequency
thel-V curve is measured as the dc currétis slowly ramped dependence has been confirmed by an experiment conducted at
up to a value in the range of 4-10A depending onT,. One four different temperatures, namely 15 K, 25 K, 100 K, and 300
ramping cycle typically takes 15 minutes. TH#ferential resis- K, as shown in Fig. 5. In the experimemtR, was measured at
tance of the PRT heater is calculatedRys=dV/dl. For a slow differentf for the samd (thus the samaT,). The measurement
voltage ramp rate, it can be shown that the temperature rise in #@ults exhibit a factor of 3 difference between the low and high
heating membrane is frequency limits, as expected from Eq. 6. In practice, we fuse
>700 Hz, for which Eq. @) is valid in the temperature range of

AT,(1)= AR(1) © ARL(D=Ry(1)—R,(1=0) (5) 4—400 K. We confirmed that the lock-in method yields the same
dR,(1=0) result as the fitting method. The lock-in method is preferred in our
dT measurements because it is more sensitive than the fitting one.

Here, we use the differential resistance instead of the averagélectrical Conductance. The electrical conductance of the
resistance £V/1) because the former offers better sensitivity fosample can be measured using the two Pt electrodes contacting the
temperature measurement. two ends of the sample. As mentioned above, a FIB method can
Alternatively, a 250-500 nA sinusoidal current,) with a be used to deposit a metal line on top of the sample-electrode
frequencyf can be coupled to the much larger dc heating currenbntact to reinforce the electrical contact and minimize the contact

884 / Vol. 125, OCTOBER 2003 Transactions of the ASME



electrical resistance. The FIB deposition can break through t 3200 . y T ' T T
oxide layer of a semiconductor nanowire and reduce the conti 4.0 F -
resistance. o’
2800 F o —
Seebeck Coefficient.The temperature difference of the two o
membranes yields a thermoelectric voltage that can be measu_ %™ f o 3
using the two Pt electrodes contacting the nanostructure, i€ 2400 | o® .
V1e=(Ss—Sp) (Th—Ts). The Seebeck coefficiensg,) of the Pt 8 o *
electrode can be calibrated separately. By measuringl's, and § 2200 . 1
Ve, the Seebeck coefficiens() of the sample can be obtained.g 2000 .* ¢ E
Measurement Sensitivity. The sensitivity of thermal conduc- 1800 f ..r" E
tance measurement determines the minimum or noise-equival ;5.0 F o ]
sample thermal conductance that can be measured using the /
crodevice. UsuallAT,> AT, in our measurements. Hence, from 1400 ¢ ]
Eq. 3b), the noise-equivalent thermal conductance (IYEG the 1200 . . b . .
sample is proportional to the noise-equivalent temperature ri 0 50 100 150 200 250 300 350
(NET) of the sensing membrane, i.e. Temperature (K)
NEG.=Gy, NET @) Fig. 6 The resistance (R (/=0)) of the PRT as a function of
AT,— AT, temperature

NET is further related to the noise equivalent resistaiNER) in

the R measurement . .
This NET value was found to be comparable or slightly below

NER/Rg the temperature fluctuation of the cryostat, which can be con-
ET= TCR (8)  trolled to be within 25 mK forT¢y>100 K and 10 mK forT,

. ) ) <100 K. Therefore,
For the resistance measurement method using a lock-in ampilifier,
NET=~25 mK for T;=300 K;

NER 6v 4
=—+— (9) NET=~10 mK for To=30 K (13)
The thermal conductancés() of the five beams has been cal-

+
Rs v I

wheredv andéi are the noises in the ac voltage measurement aEgIated from the measuredlT,, and AT, according to Eq. )
. . . s . @.
that of the current source, respectively. At 3004¢,is dominated 1,4 measured T, is shown in the inset of Fig. 7 as a function of

by the thermal or Johnson noise to Be= J4kgTRAf~4nV | and the calculate@, is shown in Fig. 7. At 300 KG,, is about

for a noise bandwidth oA f~0.3Hz. Therefore 9.4x10 8WI/K, in agreement with the value of QL0 & W/K
Sv 4 nV that is obtained based on the geometry of the five beams as well as
—=—"=2X10"° (10) the room temperature thermal conductivity values of SiNd Pt
vozmv films, i.e.,kginy=5.5 W/m-K andkp= 70 W/m-K[16]. Therefore,

The current source=uv /R, Wherev,,, is a sinusoidal 199 Hz from Egs. 7 and 13, the noise equivalent thermal conductance at
output voltage from the lock-in amplifier arid is the 10 M) 300 K is NEG~1x10 °W/K for a temperature excursion
resistance of a 10 ppm/K precision resistor that is coupled to tAd,—AT,=2 K. At 30 K, G,~3Xx10 8 W/K, and NEG,~1.5
sinusoidal voltage output of the lock-in amplifier for converting< 10~ °W/K for the same temperature excursion. If only the four
a constant ac voltage source to a constant ac current sou@eustic phonon modes are filled up fof1®,10 SWCN at 30 K,
Therefore, the maximum possible thermal conductance would Ggycn

. =4g,=4x30%X9.46x 10 BW/K=1.1x10 °W/K. This is in

Sl ac 5vout+ SR

lac Uout R

(11)

The relative noise in the ac voltage output from the lock-in an [ " i T " " "
plifier (Svou/voy) iS about 41075, The resistance fluctuation 10| o Syt
(8RI/R) of the 10 M) precision resistance is aboux20 6 fora __ [ ceegele
0.2 K fluctuation of room temperature. Therefol, /i,c~4.2 % ol . el ”® ]
X 1075, The noise in the current source is the dominant nois?:, I o ¢
source. From Egs. 9-11, we can write 8 — et ¢ - .
R '.L-'E; sor ".“. 15 -..‘- .': 1]
~5x10°® 12 3 - Voo
° 8 awf )/ g 101 1 1
This has been confirmed by measuring the noise level using zg ," g
K() precision resistor to replace the PRT. The measured resista ..' 05t ]
noise is about 100 £, indicating NERRs~5X 1075, B 20F e ool 1 7
Rq(1=0) is measured in the temperature range of 10—400 K, * [P S
shown in Fig. 6. Above 30 KR4(I =0) increases linearly with Current (uA)
temperature. Typically, the TCR of the PRT is in the range ¢ °0 "5 ™ 0 10 200 20 300 3%

1.8x103-3.6x10 *K™! and 3.5¢10%-7.2x10 *K™! at
300 K and 30 K, respectively, depending on the thin film deposi-
tion condition. Thus, NET of the lock-in measurement is in thgig. 7 Thermal conductance of the five beams supporting one
range of 13—-27 mK and 6-13 mK at 300 K and 30 K, respegnembrane of the microdevice as a function of temperature. In-
tively. Below 30 K, the TCR becomes smaller, leading to a largeet: temperature rise in the heating membrane as a function of
NET. the dc heating current at T;=54.95K.

Temperature (K)
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the vicinity of the measurement sensitivity. To increase the sigrikdble 1 Uncertainty of thermal conductance  (Gs) data shown
to noise ratio, two or more individual SWCNs can be grown bdo Fig. 8
tween the two suspended membranes using the CVD method =6t

an Nb doped Si resistance thermometer with a larger TCR TemperatureK) 300 160 30
can be used to replace the PRT. 148 nm diameter SWCN bundle 9% 14% 36%
10 nm diameter SWCN bundle 36% 57% :

Measurement Errors. One error source of the measurement
is due to heat transfer between the two membranes via radiation
and air conduction. The radiation thermal conductance can be es-
timated as

thermal resistance can be estimated from the length-dependence
Ghs rad= 0(Ts+ Tp)(T2+ TR Fy A (14) of the sample thermal conductanc&j provided that thermal

) ] conduction in the sample is diffusive.
whereF,_; and A are the view factor between the two adjacent

membranes and the surface area of one membrane, respectively. Measurement Uncertainty. For the case whelT,>AT;
can be shown thaE, A~12um? Thus G, . ..—~8x10 4 fhe uncertainty of the measured thermal conductance of the
and 7x 10" 1'W/K at T=30 K and 300 K, respectively. TheseSamPle can be written as
values are well below the measurement sensitivity. 8(Gy) 8(Q) S(ATY) (AT
The thermal conductance of air can be written Gg_s 4 c. o) + AT + AT
=KaAcq/D, wherek, is the thermal conductivity of the residual s s h
air molecules in the evacuated cryostyt, andD are the equiva- whered(x) is the uncertainty irx. SinceAT,> AT, the dominant
lent surface area of the membrane and the distance betweentéren in the left hand side of Eq. 16 8{(AT.)/AT,. With dRy(l
two membranes, respectively. For a vacuum pressure of =10)/dT obtained from Fig. 6 and considegira 1 percent gain
% 10" ° Torr, the mean free path of air molecules is of the order @fccuracy of the lock-in amplifier, we estimated from Eq. 4 that the
1 m and is much larger thad. Under such circumstance, accordupper limit of §(ATg) is 36 mK. Further,ATs depends on
ing to the kinetic theory, Gs/Gp. When measuring the 148 nm diameter SWCN bundle
shown in Fig. &), we increased T,, up to 2 K. It was found that
ko= CvD CvAeq Gs~0.2G, at 300 K. HenceAT4(~AT,Gs/Gp) was as high as
3 3

0.4 K, andé6G,/Gg~ 6(AT,)/AT4~9 percent at 300 K. At 30 K,
. . . Gs~0.055,, so that ATs~0.1 K. This results in 6§G4/Gg

whereC andv are the heat_capauty and velocity ijillg molecules_ S(AT)/AT.~36 percent at 30 K. For the 10 nm diameter
From Eq. 15, it can be estimated @ _s 5,=2X10 “W/K at  gwcN pundle shown in Fig.(B), we increased T, up to 6 K in
T:39£9 K, well below the measurement sensitivity of loqer to keep the uncertain§G./G, below 36 percent and 57
X 107" WIK. ) percent at 300 K and 160 K, respectively. These uncertainty val-
_ We have measured the thermal conductance due to air condijgs, as summarized in Table 1, represent the upper bound because
tion and radiation at different temperatures using a bare devigfy are estimated using the upper limit&fATs).
without a nanostructure sample bridging the two membranes. NOTq gbtain the thermal conductivity, one needs to measure the
signal above the noise level can be detected by the sensing PRTe@gth and diameter of the sample. The length of the sample can
the temperature of the heating membrane is raised. The measg@measured using a SEM with a uncertainty of 10 nm. Thus, for
ment confirms that air conduction and radiation do not introduGez ,m long sampleg(L)/L=0.5 percent. To obtain the diameter,
noticeable errors in our measurements. we used a tapping mode atomic force microscope to measure the

A major error source in the measurement is the contact therm@lmple segment that is located on top of the Pt electrode. The
resistance G, !). To decreas&_ ', as discussed in the previousuncertainty of the diameter measurement was about 0.3 nm. For
section, one can deposit a small Pt or W pad on top of the samplige 10 nm(or 148 nm diameter SWCN bundle, this introduces an
electrode contact so that the sample is sandwiched between #ufelitional uncertainty of 6 percendr 0.4 percentto the calcu-
metal layers. Alternatively, amorphous carbon can be depositedigted thermal conductivity. These uncertainty values are usually
the contact area using a SEM. Note that the contact area betwegtaller than that introduced by the uncertaintyGaf. However,
the sample and the electrode is proportional to the diameter of @ calculated thermal conductiviti) does not take into account
nanostructure sample; while the thermal conductance of tbethe contact thermal resistanc&y), and thus represents the
sample is proportional to the square of the diameter. Therefore,|@ser bound ofk.
a general trend, the ratio @ to G, is larger as the diameter of
the sample becomes smaller. For this reason, the contact thermal . .
resistance causes a smaller error at nanoscale than at macros ee_lsurement Results and Discussion

In a measurement of Si nanowires, we estimated the error in-Using the microdevice, a variety of nanostructure samples have
troduced by the contact thermal resistance. In that measureméeen measured. These include MW{NE], SWCNs, nanowires
amorphous carbon was deposited on the contact area. The condgde of Si[19] and BiTe; [20], and SnQ nanobelts[21]. It
tance of one of the contacts can be expressadAs/ §,, where exceeds the scope of this paper to include all the measurement
k. is the thermal conductivity of the amorphous carbApjs the results. For appropriate nanostructures of interest, the readers are
contact area and is of the order ofrPL ., whereL is the length referred to the appropriate papers cited in the reference section.
of the carbon depositabout 2 um), andr is the radius of the = As an example, Figs. 8—10 show the measurement results of
nanowire;s, is the average distance between the nanowire surfaidermal conductance, electrical conductance, and Seebeck coeffi-
and Pt electrode, which is of the order of Using k. cient of a 10 nm diameter and 4,4n long SWCN bundlgsee
=0.1W/m-K, the lower limit of inorganic solid materials, andFig. 3(b)) and another 148 nm diameter, 2.6#n long SWCN
k,=47 W/m-K, the room temperature measurement value ofkundle(see Fig. &)). For the 148 nm diameter bundle, the ther-
100 nm diameter Si nanowire, we estimated tBat/G,=6.8. mal conductance exhibits &° dependence between 20 K and
Hence, the two contacts together yielded an error less than 130 K. This is different from the quadratic temperature depen-
percent for the 100 nm Si nanowire. This error is expected to ldence observed for individual MWCN47] as well as the linear
smaller for nanowires with a smaller diameter. dependence observed by Hone et al. for a SWCN mat below 25

Nevertheless, it is desirable to quantify the contact thermal ri§: To verify the expected linear behavior expected for SWCNs at
sistanceG, . A conventional method is to measure a collection dbw temperatures, we will need to measure individual SWCNs
samples with the same diameter and different lengths. The contgaiwn by the CVD method in order to eliminate the influences

(16)

and C':‘h—s_air: (15)
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) Fig. 10 Seebeck coefficient of two SWCN bundles as a func-
Fig. 8 Thermal conductance of two SWCN bundles as a func- tion of temperature

tion of temperature. Inset: Thermal conductivity (k) as a func-
tion of temperature (7). Solid and open circles represent the
measurement results of the 10 nm and the 148 nm diameter

SWCN bundle, respectively. As discovered by Collins et &l24], the electrical conductance

and Seebeck coefficient of SWCN bundles are very sensitive to
oxygen exposure. Oxygen doping can result in enhanced electrical

. conductance of semiconducting SWCNs and hole-type majority

from phonon scattering at contacts between individual tubes i ; ; ; ;
. : rriers of ndle, which Il n f h metall n
bundle. The inset to Fig. 8 shows the calculated thermal condnling lers of a bundle, which usually consists of both metallic and

tivity values of the two bundles, which are much lower than thﬁv'miconducting SWCNs. The hole doping further results in posi-
results that we previously obtaiﬁed for an individual MWCN. Wi e values of Seebeck coefficient that are much larger than that of

; ."a metal. As SWCN bundles were deoxygenated in high vacuum
have measured very high room-temperature thermal conducti

oL . Vt 0 © to 10 8 Torr), negative values of Seebeck coefficient with
of individual SWCNs grown by t_he CVD methdsee Fig. &), smaller magnitudes than those of oxygenated samples were found
and the measurement results will be reported elsewhere.

: . 24,25,
Figure 9 shows the measured electrical conductance of the t Because large and positive values of Seebeck coefficient were

SWCN bundies. For the 10 nm diameter bundle, the eIec”'c(?ﬂ)served in our measurement, as shown in Fig. 10, it is possible

conductance shows a power law dependence'Gwith tempera- ;. the SWCN bundles were stil oxygen doped, despite the fact
ture. On the other hand, the electrical conductance of the 148 nym, they were kept in vacuum for a few hours before the mea-
bundle gan be fitted using two different power law dependenceg, e ment. Note that Fig. 10 plots the difference in Seebeck coef-
i.e., ~T*> below 60 K and~T above. These behaviors are dif-ficient hetween the sample and the Pt electrode Se: Sp; . The
ferent from thos_e obt%l(?ed by Bockrath et [@2] and Yao et al. magnitude ofSp, is typically 5 xV/K at 300 K and decreases
[23], where a singleT™ dependence was observed for smallginearly with temperatur¢26], much smaller than the measure-
metallic SWCN bundles in the range of 4-400 K. TR be- ment result 0fS;— Sp,. Thus,Sc— Sp~S;.

havior was thought to be caused by the tunneling resistance fronFor the 148 nm diameter bundle, the measured Seebeck coeffi-
the metal electrodes to the nanotube according to the Luttingefent shows linear temperature dependence in the temperature
Liquid model [22]. We expect that there are many defects anghnge of 30250 K, and saturates above 250 K. This bears some
contacts in the two relatively large bundles that we have mesgmilarity to the measurement result of oxygen-exposed SWCN
sured. The electrical resistance is thus dominated by scatterigits by Hone et al[3], where the saturation temperature was
inside the bundle instead of tunneling from the metal contact inghout 100 K. The linear dependence, which is expected for a

the SWCN. metallic sample, is also observed for the 10 nm SWCN bundle in
102 £ T L L I | T T E 103 E T T T T T T 3
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Fig. 9 Electrical conductance of two SWCN bundles as a func- Fig. 11 Thermoelectric figure of merit (ZT) of two SWCN
tion of temperature bundles as a function of temperature
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the temperature range of 100 K to 250 K. In addition, the Seebeck b = beam
coefficient for this bundle also saturates above 250 K. However, ¢ = contact

below 100 K, a power law dependence Tt is observed, indi- eq = equivalent
cating a departure from the metallic behavior. These observations h = heating membrane
will be analyzed elsewhere. L = Ptlead

The thermoelectric figure of meriZT=S*/RG, whereS R, n = nanostructure sample

and G are Seebeck coefficient, electrical resistance, and thermal S = sensing membrane
conductance of the samplés calculated from the measurement
results, and is plotted in Fig. 11. Th&T is small for the two

SWCN bundles. References
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