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Measuring Thermal and
Thermoelectric Properties of
One-Dimensional Nanostructures
Using a Microfabricated Device
We have batch-fabricated a microdevice consisting of two adjacent symmetric s
nitride membranes suspended by long silicon nitride beams for measuring thermoph
properties of one-dimensional nanostructures (nanotubes, nanowires, and nano
bridging the two membranes. A platinum resistance heater/thermometer is fabricate
each membrane. One membrane can be Joule heated to cause heat conduction t
the sample to the other membrane. Thermal conductance, electrical conductance
Seebeck coefficient can be measured using this microdevice in the temperature ra
4–400 K of an evacuated Helium cryostat. Measurement sensitivity, errors, and u
tainty are discussed. Measurement results of a 148 nm and a 10 nm-diameter singl
carbon nanotube bundle are presented.@DOI: 10.1115/1.1597619#
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Introduction

One-dimensional ~1D! nanostructures such as nanotub
nanowires, and nanobelts have unique thermophysical prope
very different from those of their bulk counter parts. In general,
these materials are confined to low dimensions with a size c
parable to the scattering mean free paths, the thermal conduc
is often reduced due to increased boundary scattering and m
fied phonon dispersion@1,2#. An exception to this scaling trend i
carbon nanotubes~CNs!. Due to the unique crystalline structur
boundary scattering is nearly absent in CNs, giving rise to su
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 example, a~10,10! SWCN has a se-
ries of phonon sub-bands near the zone center@3#. The small
diameter (dt) of the nanotube causes relatively large sub-ba
splitting between the acoustic and the optical modes. For a t
peratureT!2hv/(kBdt), whereh, v, kB , dt are Planck constant
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phonon group velocity, Boltzmann constant, and tube diame
respectively, only four acoustic modes are occupied, and the t
mal conductance of a SWCN is expected to show linear temp
ture dependence with a maximum possible valueGth54g0 . Here,
g05p2kB

2T/3h5(9.46310213)T (W/K) is the universal quantum
of thermal conductance@4#.

The potential applications and intriguing nanoscale therm
conduction physics has inspired several groups to measure
beck coefficient@5#, specific heat@6,7#, and thermal conductivity
@8,9# of CN bundles and mats. Hone et al. measured the ther
conductivity @7,8# and Seebeck coefficient@5# of millimeter size
mat samples made of CNs. The measured thermal conduct
shows linear temperature dependence below 25 K and extr
lates to zero at zero temperature. The measurement results
advanced our understanding of thermal conduction in CNs. H
ever, it is difficult to extract the thermal conductivity of a sing
tube from such measurements because the sample consists o
merous micrometer-long tubes connected into a millimeter-s
mat. As such, there exist large contact thermal resistances a
junctions between individual tubes in the mat. Further, the filli
factor or density of the tubes in the mat is unknown. As the c
sequence, the estimated room-temperature thermal conductivi
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the mat is about 250 W/m-K, one order of magnitude lower th
theoretical predictions@10–12#. In addition, the measured therm
conductance increases with temperature for the entire temper
range of 8–350 K, showing no signature of Umklapp phono
phonon scattering. This indicates that the dominant scatte
mechanism is phonon scattering by defects and boundaries
et al. @6# used a self heating 3v method to measure the specifi
heat and thermal conductivity of a suspended millimeter-lo
aligned multi-wall~MW! CN bundle with an apparent cross se
tion of 10210 to 1028 m2. The measured specific heat exhib
linear temperature dependence in a temperature range of 10
K, showing a different behavior from the results obtained by Ho
et al. In addition, because of the large thermal resistance a
defects and at the contacts between individual tubes, the mea
thermal conductivity is about 20 W/m-K at room temperature, t
orders of magnitude lower than theoretical predictions for a sin
defect-free tube.

It is necessary to investigate the intrinsic thermal transp
properties of individual CNs by eliminating the influences fro
contact thermal resistances at the junctions between indivi
tubes and from phonon scattering between adjacent tubes. Th
also the case for other nanostructures including a variety of na
tubes, nanowires, and nanobelts. Of particular interest, nanow
of Bi and Bi2Te3 may exhibit significant enhancement of the the
moelectric figure of merit, and have potential applications in e
cient thermoelectric energy conversion@13,14#. Currently, there
have been few measurement data of thermal properties of
vidual nanotubes, nanowires, and nanobelts. This is because
ventional techniques for thin film thermal property measureme
such as the 3v method @15#, cannot be used readily for thes
nanostructures due to the small sample size. In order to con
rently measure thermal conductance, electrical conductance,
Seebeck coefficient of CNs, we and our collaborators develop
suspended microdevice in a previous work@16,17#. We used the
device for measuring thermal conductivity and Seebeck coe
cient of an individual suspended MWCN and obtained results
agreement with theory@17#. Here, we further optimize device de
sign and fabrication process, improve the measurement met
and employ the technique for thermal property measurements
variety of one-dimensional nanostructures. The following secti
discuss the design, fabrication, measurement method, sensit
errors, and uncertainty of the technique. As a demonstration o
technique, the measurement results of two SWCN bundles
presented.

Experimental Methods

Device Design and Fabrication. Figure 1 shows a scannin
electron micrograph~SEM! of the microdevice. The device is
suspended structure consisting of two adjacent 14mm325 mm
low stress silicon nitride (SiNx) membranes suspended with fiv
0.5-mm-thick, 420-mm-long and 2-mm-wide silicon nitride beams
One 30-nm-thick and 300-nm-wide platinum resistance therm
eter ~PRT! coil is designed on each membrane. The PRT is c
nected to 200mm3200 mm Pt bonding pads on the substrate v
1.8 mm wide Pt leads on the long SiNx beams. An additional 1.8
mm wide Pt electrode is designed on each membrane next to
other, providing electrical contact to the sample.

The device is batch fabricated using a wafer-stage microfa
cation process, as shown in Fig. 2. First, a 0.5-mm-thick low-
stress SiNx film is deposited on a 100-mm-diameter wafer using
low pressure chemical vapor deposition~LPCVD! method, as
shown in Fig. 2~a!. A 30 nm-thick Pt film is then deposited on th
SiNx film by radio-frequency~RF! sputtering. A 300-nm-thick low
temperature silicon dioxide~LTO! is grown on the Pt film using
LPCVD. A photoresist is spun on the LTO film and pattern
using an I-line wafer stepper. Combined with an oxygen plas
etching technique, the wafer stepper can produce photoresist
terns with a line width below 0.4mm. The photoresist pattern i
then transferred to the LTO film using reactive ion etching~RIE!.
882 Õ Vol. 125, OCTOBER 2003
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Using the patterned LTO as a mask, the unprotected Pt film
etched using ion milling or sputter etching to make serpent
PRT lines~Fig. 2~b!!. After the photoresist and LTO are strippe
a 300-nm-thick LTO is deposited on the wafer. A photolithograp
and wet etching step is then used to open contact windows to
Pt contact pads for wire bonding, and to the 1.8mm wide Pt
electrode near the PRT. This Pt electrode is used for making e
trical contact to the sample. A photoresist film is then spun on
wafer and patterned~Fig. 2~c!!. The pattern is transferred to th
SiNx film by RIE. After the photoresist is stripped, tetramethylam
monium hydroxide~TMAH ! is used to etch the exposed Si regio
and the suspended structure is released when the Si substr
etched away, as shown in Fig. 2~e!. The etching pit in the Si
substrate is usually about 100–200mm deep, and as such th

Fig. 1 SEM micrograph of a microdevice for thermal property
measurements of nanostructures

Fig. 2 Fabrication process of the microdevice
Transactions of the ASME



n

o

i
e

r

i

l

0

ture

m
nce
with

nsing

t
ed
is-

We
ed to
-
e is
ow

at

sing

e
m-
of
ms

e

o be
air
rting
tion
mal

s

suspended structure does not collapse to the substrate even
out the use of a critical point dryer. Using this wafer-stage fab
cation technique, about 2000 densely packed suspended struc
can be made on a 100 mm diameter wafer.

A nanotube, nanowire, or nanobelt can be placed between
two suspended membranes by several methods. One way is to
a sharp probe to pick up a sample, and then manipulate the p
using a probe station to place the sample between the two m
branes. The process requires a high-resolution optical microsc
This method was employed in our previous work for placi
MWCN bundles and individual MWCNs between two membran
@17#.

The probe manipulation method is a tedious process. In view
this, we have developed two different approaches for trappin
nanostructure sample between the two membranes. In the
approach, a solution containing the nanostructures is dropped
spun on a wafer containing many suspended devices. We h
found that the nanostructures are often adsorbed on the tw
electrodes. Figures 3~a–c! show a SnO2 nanobelt, a 10 nm diam-
eter SWCN bundle, and a 148 nm diameter SWCN bundle
sorbed on the two membranes, respectively, by this wet depos
method. To improve the thermal and electrical contact betw
the sample and the Pt electrode, we usually anneal the devic
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
ion beam technique, as shown in Fig. 3~a!. Alternatively, an amor-
phous carbon film can be deposited on top of the sample-elect
contact region. To do that, the electron beam of a SEM is focu
on the contact region with a high magnification of 200,000
larger. Because of organic contamination in the SEM chamber,
electron beam induces the deposition of a carbon film on the
cused region. This can further improve the contact.

In the second approach, we employ a chemical vapor depos
~CVD! method to grow individual SWCNs bridging the two mem
branes. To do that, we first spin a solution containing cata
nano-particles made of Fe, Mo, and Al2O3 on the suspended
membranes. This yields many catalyst nano-particles deposite
the Pt electrodes. The suspended device is then placed in a 9
CVD tube with flowing methane resulting in individual SWCN
grown between two catalyst particles on the two Pt electrod
Figure 3~d! shows a SWCN synthesized by this method. T

Fig. 3 SEM image of a SnO 2 nanowire „a…, a 10 nm diameter
SWCN bundle „b…, a 148 nm diameter SWCN bundle „c…, and a
CVD-grown SWCN „d… connecting two Pt electrodes on two
suspended membranes
Journal of Heat Transfer
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sample-electrode contact is annealed in the high-tempera
growth process, leading to low contact resistances.

Measurement Method

Thermal Conductance.Figure 4 shows the schematic diagra
of the experimental setup for measuring the thermal conducta
of the sample. The suspended structure is placed in a cryostat
a vacuum level better than 131025 Torr. The two suspended
membranes are denoted as the heating membrane and se
membrane, respectively. A dc current~I! flows to one of the two
PRTs. A Joule heatQh5I 2Rh is generated in this heating PRT tha
has a resistance ofRh . The PRT on each membrane is connect
to the contact pads by four Pt leads, allowing four-probe res
tance measurement. The resistance of each Pt lead isRL , which is
about half ofRh . A Joule heat of 2QL52I 2RL is dissipated in the
two Pt leads that supply the dc current to the heating PRT.
assume that the temperature of the heating membrane is rais
a uniform temperatureTh . This assumption can be justified be
cause the internal thermal resistance of the small membran
much smaller than the thermal resistance of the long narr
beams thermally connecting the membrane to the silicon chip
temperatureT0 . A certain amount of the heat (Q2) is conducted
through the sample from the heating membrane to the sen
one, raising the temperature of the latter toTs . In vacuum and
with a smallDTh([Th2T0,6 K), the heat transfer between th
two membranes by air conduction and radiation is negligible co
pared toQ2 , as discussed below. The heat flow in the amount
Q2 is further conducted to the environment through the five bea
supporting the sensing membrane. The rest of the heat, i.e.,Q1
5Qh12QL2Q2 , is conducted to the environment through th
other five beams connected to the heating membrane.

The five beams supporting each membrane are designed t
identical. It can be shown that below 400 K, the radiation and
conduction heat losses from the membrane and the five suppo
beams to the environment are negligible compared to conduc
heat transfer through the five beams. Hence, the total ther
conductance of the five beams can be simplified asGb
55klA/L, wherekl , A, andL are the thermal conductivity, cros

Fig. 4 Schematic diagram and thermal resistance circuit of the
experimental setup
OCTOBER 2003, Vol. 125 Õ 883
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sectional area, and length of each beam, respectively. We
obtain the following equation from the thermal resistance circ
shown in Fig. 4,

Q25Gb~Ts2T0!5Gs~Th2Ts!, (1)

whereGs is the thermal conductance of the sample and consist
two components, i.e.,

Gs5~Gn
211Gc

21!21 (2)

whereGn5knAn /Ln is the intrinsic thermal conductance of th
nanostructure,kn , An , andLn are the thermal conductivity, cros
sectional area, and length of the free-standing segment of
sample between the two membranes, respectively.Gc is the con-
tact thermal conductance between the nanostructure and the
membranes. Because the temperature excursionDTh is small,Gs ,
Gb , andGc are assumed to be constant asDTh is ramped.

Considering one-dimensional heat conduction, one can ob
temperature distribution in the ten beams supporting the
membranes. A Joule heat ofQL is generated uniformly in each o
the two Pt leads supplying the heating current, yielding a pa
bolic temperature distribution along the two beams; while lin
temperature distribution is obtained for the remaining eight bea
without Joule heating. The heat conduction to the environm
from the two Joule-heated beams can be derived asQh,2
52(GbDTh/51QL/2); while that from the remaining three beam
connected to the heating membrane isQh,353GbDTh/5, and that
from the five beams connected to the sensing membrane isQs,5
5GbDTs , where DTs[Ts2T0 . Considering energy conserva
tion, i.e.,Qh,21Qh,31Qs,55Qh12QL , one obtains

Gb5
Qh1QL

DTh1DTs
, (3a)

and

Gs5Gb

DTs

DTh2DTs
. (3b)

Qh andQL can be calculated readily from the dc current and
voltage drops across the heating PRT and the Pt leads.DTh and
DTs are calculated from the measured resistance of the two P
and their temperature coefficient of resistance (TC
[(dR/dT)/R). The four-probe differential electrical resistanceRs
of the sensing PRT is measured using a SR830 lock-in ampl
with a 250–500 nA, 199 Hz sinusoidal excitation current. T
temperature riseDTs of the sensing membrane depends on the
currentI of the heating PRT, and is related toRs according to the
following equation

DTs~ I !5
DRs~ I !

dRs~ I 50!

dT

; DRs~ I ![Rs~ I !2Rs~ I 50! (4)

The differential resistanceRh of the heating PRT can be ob
tained by one of the two following methods. In the first metho
the I –V curve is measured as the dc current~I! is slowly ramped
up to a value in the range of 4–10mA depending onT0 . One
ramping cycle typically takes 15 minutes. Thedifferential resis-
tance of the PRT heater is calculated asRh5dV/dI. For a slow
voltage ramp rate, it can be shown that the temperature rise in
heating membrane is

DTh~ I !5
DRh~ I !

3
dRh~ I 50!

dT

; DRh~ I ![Rh~ I !2Rh~ I 50! (5)

Here, we use the differential resistance instead of the ave
resistance ([V/I ) because the former offers better sensitivity f
temperature measurement.

Alternatively, a 250–500 nA sinusoidal current (i ac) with a
frequencyf can be coupled to the much larger dc heating curr
884 Õ Vol. 125, OCTOBER 2003
can
uit

s of

e

the

two

tain
wo
f
ra-
ar
ms
ent

s

-

he

RTs
R

fier
he
C

-
d,

the

age
r

nt

I. A SR830 lock-in amplifier is used to measure the first harmo
component (vac) of the voltage drop across the heating PR
yielding the differential resistanceRh5vac / i ac . For Rh obtained
by this method, it can be shown that

DTh~ I !5
DRh~ I !

3
dRh~ I 50!

dT

, for f !1/~2pt! (6a)

DTh~ I !5
DRh~ I !

dRh~ I 50!

dT

, for f @1/~2pt! (6b)

wheret is the thermal time constant of the suspended device,
is estimated to be on the order of 10 ms. The difference betw
these two solutions origins from a first harmonic modulated he
ing component, i.e., 2i acIRh . At a very low~high! frequency com-
pared to 1/~2pt!, the modulated heating yields a nontrivia
~trivial! first harmonic component inTh . This further causes a
nontrivial ~trivial! first harmonic oscillation inRh . This effect
gives rise to the factor of 3 difference between Eq. 6~a! and Eq.
6~b!. In addition,t is proportional toC/k, whereC andk are the
heat capacity and thermal conductivity, respectively. According
the kinetic theory,k is proportional toCl, wherel is the phonon
mean free path and increases with decreasing temperature. H
t is proportional to 1/l and decreases with decreasing temperatu
Therefore, the transition between Eq. 6~a! and Eq. 6~b! occurs at a
higher frequency as the temperature is lowered. This freque
dependence has been confirmed by an experiment conducte
four different temperatures, namely 15 K, 25 K, 100 K, and 3
K, as shown in Fig. 5. In the experiment,DRh was measured at
different f for the sameI ~thus the sameDTh). The measurement
results exhibit a factor of 3 difference between the low and h
frequency limits, as expected from Eq. 6. In practice, we usf
.700 Hz, for which Eq. 6~b! is valid in the temperature range o
42400 K. We confirmed that the lock-in method yields the sam
result as the fitting method. The lock-in method is preferred in o
measurements because it is more sensitive than the fitting on

Electrical Conductance. The electrical conductance of th
sample can be measured using the two Pt electrodes contactin
two ends of the sample. As mentioned above, a FIB method
be used to deposit a metal line on top of the sample-electr
contact to reinforce the electrical contact and minimize the con

Fig. 5 Normalized first harmonic component of the measured
resistance rise of the heating PRT as a function of the fre-
quency of an ac current coupled to the dc heating current
Transactions of the ASME
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electrical resistance. The FIB deposition can break through
oxide layer of a semiconductor nanowire and reduce the con
resistance.

Seebeck Coefficient.The temperature difference of the tw
membranes yields a thermoelectric voltage that can be meas
using the two Pt electrodes contacting the nanostructure,
VTE5(Ss2SPt)(Th2Ts). The Seebeck coefficient (SPt) of the Pt
electrode can be calibrated separately. By measuringTh , Ts , and
VTE , the Seebeck coefficient (Ss) of the sample can be obtained

Measurement Sensitivity. The sensitivity of thermal conduc
tance measurement determines the minimum or noise-equiv
sample thermal conductance that can be measured using th
crodevice. UsuallyDTh@DTs in our measurements. Hence, fro
Eq. 3~b!, the noise-equivalent thermal conductance (NEGs) of the
sample is proportional to the noise-equivalent temperature
~NET! of the sensing membrane, i.e.

NEGs5Gb

NET

DTh2DTs
(7)

NET is further related to the noise equivalent resistance~NER! in
the Rs measurement

NET5
NER/Rs

TCR
(8)

For the resistance measurement method using a lock-in ampl

NER

Rs
5

dv
v

1
d i

i
(9)

wheredv andd i are the noises in the ac voltage measurement
that of the current source, respectively. At 300 K,dv is dominated
by the thermal or Johnson noise to bedv5A4kBTRsD f '4 nV
for a noise bandwidth ofD f '0.3 Hz. Therefore

dv
v

5
4 nV

2 mV
5231026 (10)

The current sourcei 5vout /R, wherevout is a sinusoidal 199 Hz
output voltage from the lock-in amplifier andR is the 10 MV
resistance of a 10 ppm/K precision resistor that is coupled to
sinusoidal voltage output of the lock-in amplifier for convertin
a constant ac voltage source to a constant ac current so
Therefore,

d i ac

i ac
5

dvout

vout
1

dR

R
(11)

The relative noise in the ac voltage output from the lock-in a
plifier (dvout /vout) is about 431025. The resistance fluctuation
(dR/R) of the 10 MV precision resistance is about 231026 for a
0.2 K fluctuation of room temperature. Therefore,d i ac / i ac;4.2
31025. The noise in the current source is the dominant no
source. From Eqs. 9–11, we can write

NER

Rs
'531025 (12)

This has been confirmed by measuring the noise level using
KV precision resistor to replace the PRT. The measured resist
noise is about 100 mV, indicating NER/Rs'531025.

Rs(I 50) is measured in the temperature range of 10–400 K
shown in Fig. 6. Above 30 K,Rs(I 50) increases linearly with
temperature. Typically, the TCR of the PRT is in the range
1.831023– 3.631023 K21 and 3.531023– 7.231023 K21 at
300 K and 30 K, respectively, depending on the thin film depo
tion condition. Thus, NET of the lock-in measurement is in t
range of 13–27 mK and 6–13 mK at 300 K and 30 K, resp
tively. Below 30 K, the TCR becomes smaller, leading to a lar
NET.
Journal of Heat Transfer
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This NET value was found to be comparable or slightly belo
the temperature fluctuation of the cryostat, which can be c
trolled to be within 25 mK forT0.100 K and 10 mK forT0
,100 K. Therefore,

NET'25 mK for T05300 K;

NET'10 mK for T0530 K (13)

The thermal conductance (Gb) of the five beams has been ca
culated from the measuredDTh and DTs according to Eq. 3~a!.
The measuredDTh is shown in the inset of Fig. 7 as a function o
I, and the calculatedGb is shown in Fig. 7. At 300 K,Gb is about
9.431028 W/K, in agreement with the value of 9.031028 W/K
that is obtained based on the geometry of the five beams as we
the room temperature thermal conductivity values of SiNx and Pt
films, i.e.,kSiNx55.5 W/m-K andkPt570 W/m-K @16#. Therefore,
from Eqs. 7 and 13, the noise equivalent thermal conductanc
300 K is NEGs'131029 W/K for a temperature excursion
DTh2DTs52 K. At 30 K, Gb'331028 W/K, and NEGs'1.5
310210 W/K for the same temperature excursion. If only the fo
acoustic phonon modes are filled up for a~10,10! SWCN at 30 K,
the maximum possible thermal conductance would beGSWCN

54g05433039.46310213 W/K51.1310210 W/K. This is in

Fig. 6 The resistance „Rs„IÄ0…… of the PRT as a function of
temperature

Fig. 7 Thermal conductance of the five beams supporting one
membrane of the microdevice as a function of temperature. In-
set: temperature rise in the heating membrane as a function of
the dc heating current at T0Ä54.95 K.
OCTOBER 2003, Vol. 125 Õ 885
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the vicinity of the measurement sensitivity. To increase the sig
to noise ratio, two or more individual SWCNs can be grown b
tween the two suspended membranes using the CVD metho
an Nb doped Si resistance thermometer with a larger TCR@18#
can be used to replace the PRT.

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

Gh2sIrad5s~Ts1Th!~Ts
21Th

2!Fh2sA (14)

whereFh2s and A are the view factor between the two adjace
membranes and the surface area of one membrane, respectiv
can be shown thatFh2sA'12mm2. Thus Gh2sIrad58310214

and 7310211 W/K at T530 K and 300 K, respectively. Thes
values are well below the measurement sensitivity.

The thermal conductance of air can be written asGh2sIair
5kaAeq /D, whereka is the thermal conductivity of the residua
air molecules in the evacuated cryostat,Aeq andD are the equiva-
lent surface area of the membrane and the distance betwee
two membranes, respectively. For a vacuum pressure o
31025 Torr, the mean free path of air molecules is of the order
1 m and is much larger thanD. Under such circumstance, accor
ing to the kinetic theory,

ka5
CvD

3
and Gh2sIair5

CvAeq

3
(15)

whereC andv are the heat capacity and velocity of air molecule
From Eq. 15, it can be estimated thatGh2sIair52310212 W/K at
T5300 K, well below the measurement sensitivity of
31029 W/K.

We have measured the thermal conductance due to air con
tion and radiation at different temperatures using a bare de
without a nanostructure sample bridging the two membranes.
signal above the noise level can be detected by the sensing PR
the temperature of the heating membrane is raised. The mea
ment confirms that air conduction and radiation do not introd
noticeable errors in our measurements.

A major error source in the measurement is the contact ther
resistance (Gc

21). To decreaseGc
21, as discussed in the previou

section, one can deposit a small Pt or W pad on top of the sam
electrode contact so that the sample is sandwiched between
metal layers. Alternatively, amorphous carbon can be deposite
the contact area using a SEM. Note that the contact area bet
the sample and the electrode is proportional to the diameter o
nanostructure sample; while the thermal conductance of
sample is proportional to the square of the diameter. Therefore
a general trend, the ratio ofGc to Gn is larger as the diameter o
the sample becomes smaller. For this reason, the contact the
resistance causes a smaller error at nanoscale than at macro

In a measurement of Si nanowires, we estimated the erro
troduced by the contact thermal resistance. In that measurem
amorphous carbon was deposited on the contact area. The co
tance of one of the contacts can be expressed askcAc /da , where
kc is the thermal conductivity of the amorphous carbon;Ac is the
contact area and is of the order of 2prL c , whereLc is the length
of the carbon deposit~about 2mm!, and r is the radius of the
nanowire;da is the average distance between the nanowire sur
and Pt electrode, which is of the order ofr. Using kc
50.1 W/m-K, the lower limit of inorganic solid materials, an
kn547 W/m-K, the room temperature measurement value o
100 nm diameter Si nanowire, we estimated thatGc /Gn56.8.
Hence, the two contacts together yielded an error less than
percent for the 100 nm Si nanowire. This error is expected to
smaller for nanowires with a smaller diameter.

Nevertheless, it is desirable to quantify the contact thermal
sistanceGc . A conventional method is to measure a collection
samples with the same diameter and different lengths. The con
886 Õ Vol. 125, OCTOBER 2003
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thermal resistance can be estimated from the length-depend
of the sample thermal conductance (Gs) provided that thermal
conduction in the sample is diffusive.

Measurement Uncertainty. For the case whenDTh@DTs
the uncertainty of the measured thermal conductance of
sample can be written as

d~Gs!

Gs
5

d~Q!

Q
1

d~DTs!

DTs
12

d~DTh!

DTh
(16)

whered(x) is the uncertainty inx. SinceDTh@DTs, the dominant
term in the left hand side of Eq. 16 isd(DTs)/DTs . With dRs(I
50)/dT obtained from Fig. 6 and considering a 1 percent gain
accuracy of the lock-in amplifier, we estimated from Eq. 4 that
upper limit of d(DTs) is 36 mK. Further,DTs depends on
Gs /Gb . When measuring the 148 nm diameter SWCN bun
shown in Fig. 3~c!, we increasedDTh up to 2 K. It was found that
Gs'0.2Gb at 300 K. Hence,DTs('DThGs /Gb) was as high as
0.4 K, anddGs /Gs'd(DTs)/DTs'9 percent at 300 K. At 30 K,
Gs'0.05Gb , so that DTs'0.1 K. This results in dGs /Gs
'd(DTs)/DTs'36 percent at 30 K. For the 10 nm diamet
SWCN bundle shown in Fig. 3~b!, we increasedDTh up to 6 K in
order to keep the uncertaintydGs /Gs below 36 percent and 57
percent at 300 K and 160 K, respectively. These uncertainty
ues, as summarized in Table 1, represent the upper bound be
they are estimated using the upper limit ofd(DTs).

To obtain the thermal conductivity, one needs to measure
length and diameter of the sample. The length of the sample
be measured using a SEM with a uncertainty of 10 nm. Thus,
a 2mm long sample,d(L)/L50.5 percent. To obtain the diamete
we used a tapping mode atomic force microscope to measure
sample segment that is located on top of the Pt electrode.
uncertainty of the diameter measurement was about 0.3 nm.
the 10 nm~or 148 nm! diameter SWCN bundle, this introduces a
additional uncertainty of 6 percent~or 0.4 percent! to the calcu-
lated thermal conductivity. These uncertainty values are usu
smaller than that introduced by the uncertainty ofGs . However,
the calculated thermal conductivity~k! does not take into accoun
of the contact thermal resistance (Gc), and thus represents th
lower bound ofk.

Measurement Results and Discussion
Using the microdevice, a variety of nanostructure samples h

been measured. These include MWCNs@17#, SWCNs, nanowires
made of Si@19# and Bi2Te3 @20#, and SnO2 nanobelts@21#. It
exceeds the scope of this paper to include all the measurem
results. For appropriate nanostructures of interest, the reader
referred to the appropriate papers cited in the reference secti

As an example, Figs. 8–10 show the measurement result
thermal conductance, electrical conductance, and Seebeck c
cient of a 10 nm diameter and 4.2mm long SWCN bundle~see
Fig. 3~b!! and another 148 nm diameter, 2.66mm long SWCN
bundle~see Fig. 3~c!!. For the 148 nm diameter bundle, the the
mal conductance exhibits aT1.5 dependence between 20 K an
100 K. This is different from the quadratic temperature dep
dence observed for individual MWCNs@17# as well as the linear
dependence observed by Hone et al. for a SWCN mat below
K. To verify the expected linear behavior expected for SWCNs
low temperatures, we will need to measure individual SWC
grown by the CVD method in order to eliminate the influenc

Table 1 Uncertainty of thermal conductance „Gs… data shown
in Fig. 8

Temperature~K! 300 160 30

148 nm diameter SWCN bundle 9% 14% 36%
10 nm diameter SWCN bundle 36% 57% ¯
Transactions of the ASME
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from phonon scattering at contacts between individual tubes
bundle. The inset to Fig. 8 shows the calculated thermal cond
tivity values of the two bundles, which are much lower than t
results that we previously obtained for an individual MWCN. W
have measured very high room-temperature thermal conduct
of individual SWCNs grown by the CVD method~see Fig. 3~d!!,
and the measurement results will be reported elsewhere.

Figure 9 shows the measured electrical conductance of the
SWCN bundles. For the 10 nm diameter bundle, the electr
conductance shows a power law dependence ofT1.7 with tempera-
ture. On the other hand, the electrical conductance of the 148
bundle can be fitted using two different power law dependenc
i.e., ;T1.5 below 60 K and;T above. These behaviors are di
ferent from those obtained by Bockrath et al.@22# and Yao et al.
@23#, where a singleT0.6 dependence was observed for smal
metallic SWCN bundles in the range of 4–400 K. TheT0.6 be-
havior was thought to be caused by the tunneling resistance f
the metal electrodes to the nanotube according to the Luttin
Liquid model @22#. We expect that there are many defects a
contacts in the two relatively large bundles that we have m
sured. The electrical resistance is thus dominated by scatte
inside the bundle instead of tunneling from the metal contact i
the SWCN.

Fig. 8 Thermal conductance of two SWCN bundles as a func-
tion of temperature. Inset: Thermal conductivity „k … as a func-
tion of temperature „T…. Solid and open circles represent the
measurement results of the 10 nm and the 148 nm diameter
SWCN bundle, respectively.

Fig. 9 Electrical conductance of two SWCN bundles as a func-
tion of temperature
Journal of Heat Transfer
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As discovered by Collins et al.@24#, the electrical conductance
and Seebeck coefficient of SWCN bundles are very sensitive
oxygen exposure. Oxygen doping can result in enhanced elect
conductance of semiconducting SWCNs and hole-type majo
carriers of a bundle, which usually consists of both metallic a
semiconducting SWCNs. The hole doping further results in po
tive values of Seebeck coefficient that are much larger than tha
a metal. As SWCN bundles were deoxygenated in high vacu
(1026 to 1028 Torr), negative values of Seebeck coefficient wi
smaller magnitudes than those of oxygenated samples were fo
@24,25#.

Because large and positive values of Seebeck coefficient w
observed in our measurement, as shown in Fig. 10, it is poss
that the SWCN bundles were still oxygen doped, despite the
that they were kept in vacuum for a few hours before the m
surement. Note that Fig. 10 plots the difference in Seebeck c
ficient between the sample and the Pt electrode, i.e.,Ss2SPt . The
magnitude ofSPt is typically 5 mV/K at 300 K and decreases
linearly with temperature@26#, much smaller than the measure
ment result ofSs2SPt . Thus,Ss2SPt'Ss .

For the 148 nm diameter bundle, the measured Seebeck co
cient shows linear temperature dependence in the tempera
range of 30–250 K, and saturates above 250 K. This bears s
similarity to the measurement result of oxygen-exposed SW
mats by Hone et al.@3#, where the saturation temperature wa
about 100 K. The linear dependence, which is expected fo
metallic sample, is also observed for the 10 nm SWCN bundle

Fig. 10 Seebeck coefficient of two SWCN bundles as a func-
tion of temperature

Fig. 11 Thermoelectric figure of merit „ZT… of two SWCN
bundles as a function of temperature
OCTOBER 2003, Vol. 125 Õ 887
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the temperature range of 100 K to 250 K. In addition, the Seeb
coefficient for this bundle also saturates above 250 K. Howe
below 100 K, a power law dependence ofT2.6 is observed, indi-
cating a departure from the metallic behavior. These observat
will be analyzed elsewhere.

The thermoelectric figure of merit (ZT[S2/RG, whereS, R,
and G are Seebeck coefficient, electrical resistance, and the
conductance of the sample! is calculated from the measureme
results, and is plotted in Fig. 11. TheZT is small for the two
SWCN bundles.

Conclusions
We have batch-fabricated a microdevice for measuring the t

mal conductance, electrical conductance, and Seebeck coeffi
of one-dimensional nanostructures including nanotubes, na
wires, and nanobelts. The measurements are performed with
sample placed in an evacuated liquid helium cryostat spanni
temperature range of 4–400 K. The sensitivity in thermal cond
tance measurement is estimated to be on the order of 10210 and
1029 W/K at 30 and 300 K, respectively. Errors due to radiati
are estimated to be less than 8310214 and 7310211 W/K at 30 K
and 300 K, respectively; while conduction through residual g
molecules contributes to less than 2310212 W/K at 300 K. The
TCR of the PRT becomes smaller at temperatures below 30 K
reduce the measurement uncertainty at low temperatures,
needs to use other high-TCR materials such as Nb doped S
replace the PRT.

The measurement results of a 10 nm and a 148 nm-SW
bundle are presented. Due to phonon scattering at many de
and contacts in the bundles, the observed thermal conductivi
low compared to that of an individual MWCN. For the 148 n
bundle, the thermal conductivity exhibits aT1.5 in the temperature
range of 20–100 K. To verify the expected linear temperat
dependence of the thermal conductance of SWCNs at low t
peratures, we will need to measure individual SWCNs grown
the CVD method in order to eliminate the influences from phon
scattering at contacts between individual tubes in a bundle.
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Nomenclature

A 5 area@m2#
C 5 specific heat@J/K-m3#
D 5 distance between the two membranes@m#
G 5 thermal conductance@W/K#

I, i 5 current@A#
k 5 thermal conductivity@W/m-K#
L 5 length @m#
Q 5 heat@W#
R 5 differential electrical resistance@V#
S 5 Seebeck coefficient@V/K #
T 5 temperature@K#

V, v 5 voltage@V#
s 5 Stefan-Boltzmann’s constant@W/m2-K4#

Subscripts

a 5 air
0 5 environment
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b 5 beam
c 5 contact

eq 5 equivalent
h 5 heating membrane
L 5 Pt lead
n 5 nanostructure sample
s 5 sensing membrane
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