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We review the recent progress in thermal characterization and sensor applications of one-dimensional
nanostructures employing microelectromechanical system (MEMS) devices. It was found by thermal
measurements that the thermal conductance of a single wall carbon nanotube (SWCNT) was very close to
the ballistic thermal conductance of a 1-nm-diameter SWCNT without signatures of phphonon Umklapp
scattering, a high thermoelectric figure of merit can potentially be obtained in bismuth telluridey(R)
nanowires with an optimized atomic ratio xfand the thermal conductivity of metal oxide nanobelts was
suppressed by increased phonon-boundary scattering. We further suggest that dielectrophoresis and other
directed-assembly methods can be used for the large-scale integration of nanowires with MEMS to obtain
ultrasensitive, stable, and selective sensor systems.

I. Introduction (ULSI) circuits® and will likely become one critical issue for
One-dimensional (1D) nanostructures such as carbon nano-the development of nanotube and nanowire electronic devices,
tubed and semiconductor nanowifebave received intense ~ €specially those on flexible, low-cost polymer substrates with
interest in recent years. These nanostructures have been obtainggl€mal conductivity two or more orders of magnitude lower
using either new “bottom-up” synthetic methods or state-of- than silicon. Thermal management is an |ncreasmgly important
the-art nanolithography-based patterning approaches. There hav@spect for the further development of nanoelectronics.
been a large number of efforts to employ these nanostructures One approach to address the thermal management problem
for the fabrication of field effect transistofs® logic devices;8 relies on the development of high-thermal conductivity materials
solid-state laser$,gas and biomolecular senséfs} field to act as heat spreaders in electronic packaging. Good-quality
emission display$?~4 and thermoelectric refrigeration and diamond has been known as an excellent heat conductor with
power generation devicé$These many potential applications @ high thermal conductivity up to 3000 W/m-K at temperature
are accompanied by new challenges, one of which is related to300 K, compared to the corresponding value of 400 WKn
the unique thermal and thermoelectric transport properties of for copper, 150 W/m-K for silicon, 1.4 W/m-K for glass, and
nanotubes and nanowires. In bulk materials, thermal energy0.1 W/m-K or lower for polymers. Diamond coating deposited
transport is facilitated by lattice vibration waves or phonons as by chemical vapor deposition (CVD) has been explored as heat
well as charge carriers. Consequently, the thermal conductivity Spreading coating for ULSI devicé%!9although the difficulty
(), which is the proportionality factor between temperature and cost for the synthesis of high-quality diamond has limited
gradient and heat flux, consists of a phonon contributigh (  its application. The discovery of carbon nanotubes (CNTs)
and an electron contributiord), i.e.,x = kp+ ke IN Metalsxe provides a different type of high-thermal conductivity materials
is much larger thawy; while in insulators and semiconductors, for thermal management applications. Unlike semiconductor
kpis much larger thare. «p (OF ke) is determined by the energy ~ hanowires, CNTs are expected to possess superxhife to
dispersion and scattering processes of phonons (or electrons)its unique crystalline structure, low defect concentrations, and
both of which can be modified in nanostructures due to size atomically smooth surface. Various theoretical calculations have
and quantum confinements. It was suggested thatcghef predicted that of carbon nanotubes (CNTSs) can surpass that
semiconductor nanowires can be largely suppressed by increase@f diamond?®?! The predictions have inspired the active
surface scattering of phondfisand by modification of the  development of CNT films and composites for applications as
phonon energy dispersidhThe suppressed, makes it difficult thermal interface materials for reducing the thermal interface
for Joule heat generated locally in nanowire electronic devices resistance in electronic packaging. Additionally, CNT intercon-
to be dissipated to the substrate, leading to local hot spots thathect structures are also being actively pursued for next-
degrade the device performance and reliability. generation ULSI device®:23If successful, CNT interconnects
The self-heating problem has been one of the major chal- especially CNT via structures not only can support a large
lenges for continuous scaling down of metal-oxide field-effect- current density but they also can be used as heat spreaders to
transistor (MOSFET) devices in ultra-large-scale-integrated dissipate heat from local hot spots.
On the other hand, the suppressedin semiconductor
* Corresponding author. E-mail: lishi@mail.utexas.edu. nanowires can be advantageous to the fabrication of energy-
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and bio-MEMS. A so-called 3& method has been employed to measure the
thermal conductivity of a platinum wire, a large MWCNT
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He obtained his B.S. and M.S. degrees, both in thermal engineering, CUrent {osinwt) of frequencyw. The sinusoidal current leads
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mechanical engineer at Nanjing Turbine Works from 1990 to 1997. frequency (&). Due to the temperature-dependence of the

He is currently with Applied Materials, Inc. electrical resistanceRj of the wire, R is also modulated

at the 20 frequency. The voltage drop along the wirevis=

R(ipsinwt) and contains a modulated component, at the 3»
efficient thermoelectric (TE) refrigeration devices for thermal frequency. The thermal conductivity of the wire is obtained with
management applications. TE refrigeration is achieved by the the use of a well-defined correlation betweep and the thermal
Peltier effect, whereby a current flow across thermocouple conductivity in the low-frequency regime. For using this method
junctions can produce cooling or heating. Conversely, a tem- to measure a nanowire, however, it is important that the
perature difference across a TE material generates a current flonhanowire is metallic with a large temperature coefficient of
and thereby electrical power, allowing for direct thermal-to- resjstance (TCR). Additionally, the contact electrical resistance
electrical energy conversicft*> Compared to vapor-compres-  needs to be eliminated so that the electrical resistance of the
sion refrigerators and gas-based engines, such solid-state deviceganowire can be obtained. In four-probe measurements of the
are extremely attractive because they do not contain any movingelectrical resistance of very fine nanowires or nanotubes with
parts, are environmentally benign, and allow for miniaturization. the diameter on the order of 1 nm, however, the mesoscopic
However, the coefficient of performance (COP) for TE refrig- yoltage probes are often invasive and can very well be the
eration and the efficiency for TE power generation have been dominant source of scattering and hence resist&nhtmless
limited by the low TE figures of merit of bulk materials and very Weak]y Coup”ng or noninvasive V0|tage probes are used

are inferior to systems based on a working fluid. in the four probe measurement, the obtained four-probe
The dimensionless TE figure of merit is defined A% = resistance is not purely the intrinsic resistance of the nanostruc-

SoTlk, whereSis the Seebeck coefficient, is the electrical ture and cannot be used to obtain the temperature rise in the

conductivity, ¥ is the thermal conductivity, and is the nanostructure. Moreover, electrons and phonons need to be at

temperature. AT larger than 3 is needed for a TE refrigeration equilibrium during self-heating so that resistance thermometry
unit to obtain a COP comparable to that of a vapor compressioncan be employed. In SWCNTs and other nanowires under self-
unit; while a ZT larger than 6 is required to increase the heating in a high electric field, electrons and phonons are not
efficiency of a TE generator to 20%. During the past fifty years, necessarily at equilibrium because the length of the nanostructure

bismuth telluride alloys, e.g. BsSh sTes with a ZT value is comparable to the mean free paths for scattering between
approaching unity at 300 K, have remained the bulk materials these carriers. This issue is often the case at low temperatures,
with the highesZT at room temperature. Increasing tAe of where the mean free path can be long. Consequently, ¢he 3

bulk materials beyond this value has proved to be difficult due self-heating method cannot be applied to obtain the temperature-
to two factors: (i) there is a tradeoff betwe&mand o as the dependent thermal properties of these nanostructures.
dopant concentration is varied; and @ is proportional too Recently, we have developed a method to characterize the
according to the WiedemanifFranz law. thermal and thermoelectric properties of individual nanotubes
Advances in nanostructured materials have led to new and nanowires with the use of microelectromechanical systems
approaches to increasing td@. Theoretical calculations have (MEMS) devices® We have investigated several methods for
suggested tha&o can be increased in dimension-confined the effective assembly of 1D nanostructures with the MEMS
nanostructures due to a high density of states near the Fermidevice. The successful integration of nanowires with MEMS
level 2627 and« can be largely suppressed by phonon-boundary not only allows us to characterize nanowire properties but also
scattering® and possibly by modification of phonon dispersion. enables the integration of “bottom-up” synthesized nanowires
Recently, there have been reports on the growth of thin film with “top-down” patterned and etched microsystems for the
superlattice®-2°and nanostructured bulk allc{}svith improved large-scale fabrication of functional nanowire devices. Based
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Figure 1. Scanning electron microscopy (SEM) image of the MEMS
device for thermal characterization of 1D nanostructures. Reproduced
with permission from ref 49. Copyright 2005 American Chemical
Society.

on this approach, we have demonstrated highly sensitive andFigure 2. SEM image of a Bile,—x nanowire trapped between the
stable nanowire sensdi. two suspended membranes of the microdevice. The arrows indicate

The following section discusses the experimental method, Ourfour short Pt lines deposited on the nanowire by a focused ion beam
(FIB) deposition method. Reproduced with permission from ref 53.

recent measurement results of thermal and thermoelectrlcCOpyr,ght 2005 American Institute of Physics.

properties of single wall (SW) CNTs, semiconductor nanowires,

and metal oxide nanobelts, and the integration of metal oxide

nanobelts with MEMS for sensor applications.

Il. Experimental Methods

Assembly of Nanowires with MEMS. Figure 1 shows a
scanning electron micrograph (SEM) of the microdevice for
nanowire characterization. The device was fabricated with the
use of MEMS fabrication technologies. About 2000 devices can
be fabricated on a 100-mm-diameter silicon wafer. The device
consisted of two adjacent 1dm x 25 um low-stress silicon
nitride (SiN) membranes, each suspended with five @n%-
thick, 420um-long, and 2¢#m-wide SiN, beams. One 30-nm- - ;
thick and 300-nm-wide platinum resistance thermometer (PRT) Figure 3. SEM image showing a suspended SWCNT (,nd,cated by
serpentine was patterned on each membrane. The PRT washe arrow) grown between the two Pt electrodes of the microdevice.
connected to 200m x 200um Pt bonding pads on the substrate Reproduced with permission from ref 49. Copyright 2005 American
via 1.8um-wide Pt leads on the long Silkeams. An additional ~ Chemical Society.
1.8um-wide Pt electrode was patterned on each membrane next
to each other. for trapping tin dioxide (Sng) nanobelts. Similar methods have

The nanowire sample can be trapped on the two Pt electrodesPeen reported for trapping nanotuffesnd nanowire®“6with
with the use of a wet deposition method. In this method, a drop @ Yield approaching 100%.
of the nanowire suspension was deposited on a diced wafer piece Additionally, we have used a chemical vapor deposition
that contained fourteen densely packed membrane structures(CVD) method to grow individual SWCNTSs bridging the two
The wafer piece covered by the solution was rocked to induce membranes of the microdevice. A solution containing catalyst
a fluid motion in a direction perpendicular to the parallel made of Fe, Mo and ADs; nanoparticles was spun on the
electrode pair on the membranes. Aligned by the fluid motion, suspended membranes, leaving catalyst particles on the mem-
nanowires often crossed the two closely spaced Pt electrodedrane after the solution was dried. Alternatively, a sharp probe
after the solution was dried uniformly on the wafer, while no was used to deliver catalyst nanoparticles directly onto the two
nanowires were left bridging the long Sileams that were far ~ membranes. The suspended device was loaded in &90¥D
apart from each other. Figure 2 shows a bismuth telluride tube furnace with flowing metharfé, yielding individual
(BixTer—x) nanowire trapped on the two membranes of the SWCNTs grown between two catalyst particles on the two Pt
microdevice with the use of this method. electrodes. Figure 3 shows a SWCNT grown by this method.

To increase the assembly yield, we have investigated an Thermal Conductance Measurement.The measurement
electric field-directed assembly method. In this method, the two device was placed in an evacuated cryostat. With a direct current
Pt electrodes in the microdevice were connected to an alternating(l) flowing to one of the two PRTs, Joule heat in the amount of
current (AC) voltage source. As a solution containing the Q, = IR, was generated in this heating PRT with a resistance
nanowires was dispersed on the wafer surface, the frequencyof R,. Joule heat in the amount of2 = 2I°R_ was generated
of the AC voltage was adjusted to generate an attractive forcein the two Pt leads supplying the heating current to the PRT,
on the nanowires that were polarized in the nonuniform AC whereR_ is the resistance of one Pt lead. Some of the heat
electric field. This phenomenon is called positive dielectro- (Qy) is conducted through the sample from the heating mem-
phoresis, where a polarizable particle in a nonuniform AC brane to the other membrane, which is denoted as the sensing
electric field is attracted to regions of high field strenéitThe membrane, and raised the temperature of the lattekTy In
attractive or positive dielectrophoretic force can be used to align vacuum and with a small temperature rise on the heating
and trap a nanowire onto the two Pt electrodes. We found thatmembraneATy, heat transfer by radiation and air conduction
the suitable frequency and root-mean-square (rms) amplitudeis negligible compared tQ,. The temperature distribution in
of the AC voltage were aboutt 10° Hz and 5 V, respectively, = each membrane is uniform, and the maximum temperature
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Figure 4. SEM images showing a Pt layer deposited on the contact
between a carbon nanofiber and a Pt electrode on the suspended device
with the use of focused electron beam deposition (left) and focused
ion beam deposition (right).
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difference in the heating (or sensing) membrane was calculated TK)
to be 1.8% (or 3.1%) of the temperature rise in the memb‘l‘%ne. Figure 5. Thermal conductanced) of the SWCNT as a function of
The total thermal conductance of the five identical supporting the temperatureTy. Filled circles are the measurement results. The

beams can be calculated@s= 5«/A/L, wherex, A, andL are solid, dotted, and dashed lines are the ballistic thermal conductance of
the thermal conductivity, cross sectional area, and length of eacha 1-nm-, 2-nm, and 3-nm -diameter SWCNT, respectively, calculated
beam, respectively. It can be shown that by Mingo and Broidd® Reproduced with permission from ref 49.
Copyright 2005 American Chemical Society.
- %*Q (1a) Seebeck Coefficient M TThe t ture diff
b= AT, T AT, eebeck Coefficient MeasuremeniThe temperature differ-

ence of the two membranes yields a TE voltage that can be
. . measured using the two Pt electrodes contacting the nanostruc-
The thermal conductance of the sample is obtained as ture, i.e.Vre = (S — Se)(ATh — ATY). The Seebeck coefficient
AT (Spy of the Pt electrode is smal and can be ignored. By
G, =Gy (1b) measuringATh, ATs, and Ve, the Seebeck coefficien§)) of
AT, — AT the sample can be obtained.

Reduction of the Thermal Contact ResistanceThe mea- lIl. Thermal Conductance of SWCNTSs
sured thermal resistance of the samjitg € Gm~2) consists of We have used the microdevice to measure the thermal
the thermal resistance of the nanowiRg)(and the total contact ~ conductance@) of an isolated suspended SWCNT shown in
thermal resistance between the nanowire and the two membrane§igure 3 in the temperature range between 110 and 360 K.
(Ro), i.e., SWCNTSs are visible in SEM due to electron charging. High-
magnification SEM measurement indicates that the diamd}er (
R,=R,+ R (6) of the SWCNT should be less than 5 nm. However, an accurate
diameter measurement with the SEM was not feasible due to
To reduceR., we used focused electron beam deposition or its resolution of about 3 nm. The substrate of the suspended
focused ion beam deposition to deposit a Pt layer locally on micro-device was not completely etched through so that
the contacts from precursor gases in a dual beam focused iortransmission electron microscopy (TEM) measurement of the
beam (FIB) tool. The deposited Pt layer is shown in Figure 4. SWCNT diameter was not feasible. Instead, we have conducted
It was found that the Pt layer deposited by focused electron atomic force microscopy (AFM) measurement of the diameter
beam reduces the obtain&y, for about 10% for a 152-nm-  of a large number of SWCNTs grown using the same method
diameter carbon nanofiber sampfelo minimize the spreading  on silicon substrates. The diameter was in the range-¢Z 1
of Pt and to prevent the conversion of residual precursor gasnm for most of the SWCNTSs, while occasionally a diameter of
species absorbed on the sample surface into a conducting layer2—3 nm was observed.
we avoided imaging the sample using either the electron orion  As shown in Figure 5, the measured thermal conductance of
beam right after the Pt deposition. Additionally, we avoided the SWCNT increases with temperature from .207° W/K
imaging the suspended segment of the nanowire with either ionat 110 K to 3.8x 10-° W/K at 300 K. The measurement result
beam or high-magnification SEM in order to prevent sample was very close to the calculated ballistic thermal conductance
damage or contamination. of a 1-nm-diameter SWCNT and was about 50% and 30% of
Electrical Conductance Measurement.There is often a the ballistic thermal conductance of a 2-nm and 3-nm diameter
native oxide layer on a nanowire, resulting in large electrical SWCNT, respectively. The diameter of the SWCNT should not
contact resistance between the nanowire and the Pt electrodeshe smaller than 1 nm because the measurement result was larger
This large contact resistance can be reduced by depositing a Pthan the calculated ballistic thermal conductance of a SWCNT
line locally on top of the contact between the nanowire and the with d < 1 nm. The ballistic thermal conductance is the
Pt electrode, using the focused electron beam or a focused ionmaximum possible value calculated by Mingo and Bréfor
beam deposition method. The two as-deposited Pt lines allowedthe case that phonon transport is ballistic in the SWCNT and
for the simultaneous measurementSHnd« of the nanowire. phonons from the SWCNT enter the two contacts without
After the measurements &andx, two additional Pt lines can  suffering reflection. In the calculation, the temperature of the
be deposited to connect the nanowire with the two Pt serpentinephonon flow entering the SWCNT from each contact equals
lines on the two membranes, as shown in Figure 2, so as tothat of the contact along the entire length of the SWCNT, as
measure the four-probe electrical resistariRg)(of the nano- illustrated in Figure 6. Due to the absence of scattering, the
wire. The two additional Pt lines were used as the outer two opposite phonon flows are at two different temperatures
electrodes for current source and drain, and the two middle Ptand not at equilibrium with each other. The obtained ballistic
electrodes served as the voltage probes iRfgeneasurement.  thermal conductance is not infinite because the phonon flow is
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Figure 6. (a) Schematic diagram of a 1D ballistic phonon conductor was 1 nm (filled circles), 2 nm (open circles), and 3 nm (filled triangles).
connected to two side contacts at different temperatures;Ti.@nd The line is the measurement result of an individual MWCNT from

T,. (b) The temperature distribution of the two opposite phonon flows Kim et al. (Phys. Rev. Lett2001, 87, 215502). Reproduced with
inside the ballistic phonon conductor. The dotted line is the average permission from ref 49. Copyright 2005 American Chemical Society.
temperature of the two phonon flows. Reproduced with permission from

ref 49. Copyright 2005 American Chemical Society. TABLE 1: Diameter (d) and the Measured Properties of the
Nanowires

scattered after it exits the SWCNT and enters the opposite sample 1(2 wires) 2 3 4

contact in order for the phonon flow to adopt the different ~ batch 1 1 1 2

temperature of the contact. Hence, the ballistic thermal con- 9 (m) 100 each 57.5 43.5 81

ductance is essentially the maximum contact thermal conduc- properties SG g g S ok 2T

tance between the SWCNT and the two thermal reservoirs. IV. Thermoelectric Properties of BiXTel*X Nanowires

The calculated ballistic thermal conductance consists of Only We have measured the thermoelectric properties of two
the contribution from phonons, i.&5. It has been calculated  patches of bismuth telluride (Bie;—) nanowires with different
that the electron contributiorG) is negligible compared tG; atomic ratio orx.5354 The BiTe;—x nanowires were deposited
at moderate temperaturésin the temperature range between jn the nanopores of anodized alumina membranes (AAMSs) with
110 and 300 K, the measured thermal conductance of thethe yse of an electrochemical deposition met¥foEhe growth

SWCNT consists of mainly the phonon contribution. direction of the nanowire wad 120 perpendicular to the-axis.
Mingo and Brodi&® noted that the measure@ of an During the deposition, the Bi to Te atomic ratio in the

individual MWCNT®? was close to 40% of the ballistic thermal  electrolytes was 2 to 3 for the first batch and 1 to 1 for the

conductance of graphite far < 300 K. Here, the measurésl second batch. High-resolution transmission electron microscopy

of the SWCNT is also proportional to the ballistic thermal (HRTEM) measurements of the nanowires revealed that these
conductance for SWCNTSs in the temperature range betweennanowires were single crystalline, and the native surface
100 K and 300 K. Phonons can be reflected when entering the oxidation layer was about 210 nm thick. The chemical
two contacts from the CNT, lowering the thermal conductance composition of one nanowire from the first batch and four
of the CNT to a fraction of the ballistic thermal conductance. nanowires from the second batch were obtained with the use
Additionally, local defects in the suspended CNT can reduce of an energy dispersive spectrometer (EDS) of the HRTEM.
the phonon transmission coefficient, loweri@gto a fraction The Bi-to-Te ratio of the nanowire from the first batch was 46%
of the ballistic thermal conductance. Tk&reduction due to to 54%.The average EDS-obtained atomic fraction of the four
these two effects is approximately temperature-independent tonanowires from the second batch is 54% of Bi and 46% of Te
the first order, and the resulting vs T curve is proportional to with a standard deviation of 4.2%.

the ballistic thermal conductance. On the other hand, the We have measured different properties of the four samples

phonon-phonon Umklapp scattering process can redsié®m listed in Table 1 from the two different batches. Among these
the ballistic thermal conductance, and a larger reduction is samples, sample 1 consists of two nanowires whereas all other
expected at higher temperatures, making @e/s T curve samples consist of only one nanowire.

deviate from the trend of the ballistic thermal conductance. Since  For sample 1 from the first batch, the obtair@ih Figure 8
the measure@ vs T curve is proportional to the ballistic thermal  was positive, indicating that the nanowire wasype. For this
conductance af < 300 K for both the SWCNT and the

MWCNT, we conclude that Umklapp process was insignificant 300 o T 40
in both samples at < 300 K. 250 [W BulkBiTes ? 0% ]
. F 4 BulkBigggTegss o © o 130
The thermal conductivity of the SWCNT was calculated for 200 f© Samples o e ]
the case that the diameter was 1, 2, and 3 nm, accordingrto g E RN g
GUA, whereL is the length of the suspended segment of the 31800 % ° 123
SWCNT between the two membranes aAdis the cross- ® 100 b 0 ° ¢ @
sectional area, which is not a well-defined quantity for a 50 © 110
SWCNT. We followed ref 50 to calculate = zdd, whered = 11....

0.335 nm is the layer separation in graphite. The obtainied 050 100 150 200 250 300 350 400
Figure 7 is on the same order of magnitude as the measurement TK)

rgsults of an individual MWCNP?which is also shown in th? .. Figure 8. Seebeck coefficient as a function of temperature for sample
figure. More accurate measurement of the th(_ermal conductivity 1, sample 4, bulk BTes, and bulk Biaglenss The leftY axis is for
can be obtained if a through-hole is etched in the substrate offjjeq symbols and the right axis is for unfilled symbols. Reproduced
the microdevice to allow for accurate TEM measurement of with permission from ref 53. Copyright 2005 American Institute of

the diameter of the SWCNT. Physics.
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The o values calculated fronfs, are shown in Figure 12
together with the reported room-temperatuaréor bulk Big 46
Teps4 and Bb.agsT €505 Crystals. The room-temperature of
sample 2 and sample 3, both from the first batch, were within
10% difference from those reported for bulkoBé¢Teys4 and
the Bridgman-type BissTenss Single crystal$® While it has
been found that the bulk decreases approximately linearly
with increasing temperature as a result of increased eleetron
phonon scatteringf, the o of the nanowires shows a very weak
temperature dependence. For sample 2, the decreaswiti
increasing temperature was somewhat similar to but at a much
smaller slope than the bulk behavior. While the smaller slope
can be attributed to a surface-scattering dominated electron mean
free path that is insensitive to the temperature, the room-
emperaturer was not reduced by enhanced surface scattering.

he behavior of sample 3 is somewhat similar to that of a
semiconductor, for which an increase of the carrier concentration

sample, the value of 260V/K at T = 300 K was 60% higher
than that for bulk Bj4elens4 crystal?® which has an atomic
ratio similar to that of the first batch, and 15% higher than that
of Bi;Tes, which was found to have the largeStfor p-type
BixTer—x bulk crystals?> For sample 4 from the second batch,
Swas negative, suggesting electron-like majority carriers. As a
comparison, bulk Bile;—x crystals arep-type for x > 0.37,
n-type forx < 0.37, and bulk BjssTen sosis highly p-doped?56
A different crystal phase might have developed for the second
batch of nanowires witkx ~ 0.54, leading to the negativ@

The Ry, of three samples has been measured. For samples
and 3, the nanowire was deposited on an oxidized silicon wafer,

nd four Pt electr wer m n the nanowir FIB - o
and four Pt electrodes were patterned on the nanowire by can lead to an increased with increased temperature. Ad-

deposition, as shown in Figure 9. There was no electrical Ieakaged.t. v th f local defect duction barfi
between two Pt electrodes after a 100 nm wide cut was made®'!'0Na!ly, the presence ot local defects or conduction barriers

by FIB on the nanowire between the two electrodes, suggestingm the nanowire can lead to the increasedith temperature.
Pt spreading was minimized during the Pt deposition. For sample,  The o of sample 4 from the second batch was almost
4, four Pt electrodes were patterned on the nanowire segmentdndependent of temperature. The room-temperature value was
laid on the suspended microdevice using focused ion beam (F1B)Within 10% difference from those for bulk BigsTeos1s and
deposition, similar to Figure 2. Bridgman-type Bisoleoso single crystal$®

The two-probe currentvoltage (—V) curves for sample 1 The « of the three samples from the first batch were not
were rather linear in the temperature range between 240 andobtained, and only th& of sample 1 was obtained. Theof
360 K, but show nonlinear behavior of a Schottky contadt at  Sample 4 from the second batch has been measured, and the
< 230 K, as shown in Figure 10. Linear two-probeV curves measurement results are shown in Figure 13 together with the
were observed for sample 2 &t> 4 K and for sample 3 &af obtainedG of sample 1 from the first batch.
> 120 K. On the other hand, all the four-probeV curves For bulk BiTes, the thermal conductivity peaks at a tem-
were linear, suggesting that the Schottky contact resistance wagerature below 75 K and decreases from 75 K to a minimum at
eliminated in the four-probe measurement. The two-probe about 270 K due to the Umklapp phonephonon scattering’
resistanceRy,) of sample 1 was calculated from the linéafV/ Additionally, the electron and phonon contributions to the
curves and is shown in Figure 11 together with RagandRyp thermal conductivity of bulk BiTe; are approximately 46% and
of sample 2 and sample 3 from the same batch. 54%, respectively, at 300 K.
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TK) a 53-nm-thick (open circles) Sa@anobelt as a function of temperature.
) ) ) Also shown are calculation results (lines) with the bulk parameters for
Figure 14. Calculatedc, andx. of BixTe;- nanowire sample 4. phonon-phonon Umklapp scattering and phonon-impurity scattering

For sample 1G increased with and approached a maximum and dlf_fereanL values of 6_54 nm fo_r the upper line and 39 nm for the
value afT > 350 K. The shift of the maximur@ and thusc to lower line. Reproduced with permission from ref 58. Copyright 2004

. . S - . American Institute of Physics.
high T is an indication that phonon-boundary scattering domi- y

nates phon_onphonon Umklapp scattering fd'r_< 300 K. For For BixTe;—x nanowires from the first batch witk ~ 0.46,
sample 4/<_|n(_:reased as and reached a maximum vaIu_eTat we found that theS was 15%-60% higher than and was
~ 340 K. Similar to sample 1, phonon-boundary scattering was \iin 1095 difference from the corresponding bulk values. We

the dominant scattering processTat: 300 K. also observed signatures of increased phonon-boundary scat-

| ThetrzoorPh-temperatltJrg yalu?S%f sfat;n[IJIe _4Twas aboutt Tm% tering that should reduce the lattice thermal conductivity. These
ower than those reported in ref 56 of bulkyBisTev siscrystals, evidences suggest that hig@ can potentially be obtained in

as shown in Figure 13. Thg andxe of this sample have been - ; L - :
: - . ixTe—x nanowires with an optimized atomic ratio.
calculated according to the Wiedemarffranz law with the X1 B P

Lorenz numbet = 2.44 x 10-8 W-Q/K2. The ratio between

kp and ke was 1.02 at room temperature, as shown in Figure
14. As a comparison, this ratio is 2.39 for bulkoBdsT €515 We have employed the microdevice to measure the thermal
crystaf®and 1.17 for bulk BiTes cystaf>28if the same. value conductivity of 53-nm-thick, 204-nm-wide, and 64-nm-thick,
is used. The obtained room temperatugeof sample 4 was ~ 108-nm-wide Sn@nanobelts in the temperature range of-80
60% lower than that of bulk Bigsl'eys15 On the other hand, 350 K38 As shown in Figure 16, the obtainadvalues were

the room-temperature and«. of the nanowire was only 5.6%  found to be substantially lower than the bulk valggs.

V. Thermal Conductivity of Metal Oxide Nanowires

lower than the value for the bulk BissTepsis The large To understand the origins of the redugeave have compared
difference in the percentage reductionscjnand o can have the measurement results with a full dispersion transmission
two possible origins. First, the de Broglie wavelength) ©f function calculatiorf® In the calculation, the phonon dispersion

electrons in these semiconductor nanowires is about 10 nm;relation was obtained for the rutile structure. Matthiessen’s rule
while the phonon wavelengtiiy) is of the order of 1 nm. For ~ was used to obtain the frequency-dependent relaxation time of
a surface roughness)(on the order of 1 nm, the scattering phonons as™' =ty !+ 7, 1 + 7, L8L82Here, 7y %, 7,71, and
cross section is proportional to/f),* where/ is the wavelength 7ilare the Umklapp, boundary, and impurity scattering rates,
and is much smaller for electrons than for phonons. Thus, onerespectively. A phenomenological expression for the Umklapp
expects that the surface roughness may redyde a much scattering rate has been usegi~! = Be Tw?T, whereB and
larger extent than the reduction in Because the chemical b are two fitting parameters and is the phonon frequency.
composition of the nanowire is different from that of the bulk The boundary and impurity scattering rates can be written as
crystal used for comparison, however, it is possible that an 7, = v/FL and 7" = Aw“ Here, v is the phonon group
increase ok from x = 0.485 for the bulk crystal ta = 0.54 velocity, L is the thickness for the nanobef,is a parameter

for the nanowire possibly leads to an increasecirand a representing specularity of phonon reflection at the boundaries,
reduction in«p, althougho was found to be reduced more than the FL product is referred as the effective thickness of the
kp Whenxwas increased from 0.4 to 0.485 for the bulk crystals. sample, andh is a parameter arising from Rayleigh scattering
In fact, for this nanowire from the second batch, #leshown of phonons by atomic scale impurities.

in Figure 15 was rather low due to the lo®value at this After obtaining the fitting parameters from the measurement
chemical composition. data obtained for bulk crystals, the thermal conductivity of
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nanowires was calculated for different effective thicknEks

with other parameters kept as the same as the bulk values. The
solid lines of Figure 16 are two sets of calculateid the (101)
direction as a function of temperature. One can see that the
measurement data of the 64-nm-thick and 53-nm-thick ;SnO
nanobelt agree rather well with the calculation results \ith

= 64 and 39 nm, respectively. This suggests that an increased
phonon-boundary rate alone can well account for the signifi-
cantly suppressedof the nanobelts. Increased phonon-boundary
scattering alone can also account for another measurement result
of the suppressed of silicon nanowire$3%4 except for a 22-
nm-diameter Si nanowire, the smallest one of the samples, where
other phonon confinement effects may have also play a role.

VI. Integration of Nanowires with Microdevices for
Sensor Systems

In addition to providing an ideal system for investigating
phonon transport in dimension-confined systems, the single-
crystal metal oxide nanobelts are very attractive for sensor ) S
applications. Metal oxide sensors are commonly used for the i';'%‘gg 15310 ﬁ%gﬁm 'T%Qfgno‘ci;g? d?'?;zhsvaﬁﬁé ddea‘l’s";g d(br)eﬁt”aﬁgl'gr?ﬁda
detectlon of_lnflammable af?d .t(?X'C gas species. The sensing Reproduced with permission from ref 42. Copyright 2005 American
mechanism is based on resistivity change upon surface reducqnggityte of Physics.
tion—oxidation (redox) reactions with gas specie8ecause

only the surface layer is affected by the reaction, the sensitivity 0.25 T T T T 12g
of a metal oxide sensor increases for decreasing thickness, . gg:se";traﬁon 8
motivating the development of thin film metal oxide sensors. <o20F 1100 &
However, one common problem with polycrystalline thin film = S
metal oxide sensors is grain boundary poisoning that limits the 2 > ®
repeatability and long-term stabilif§:.5” Because the nanobelts 30%r o ;10 ¢
are as thin as 10 nm, which approaches the electrostatic <
screening length, almost the entire thickness is affected by redox 0.10 Liddidde s o] : 1012

0 5 10 15 20 25

reactions with gas species, leading to high sensitffity. Time (i)
Ime (min,

Metal oxide sensors require a high operating temperature to
enhance redox reactions so as to achieve the optimum sensitivity Figure 18. Response of the as-assembled nanobelt-MEMS sensor to
This requirement has motivated us to integrate nanobelts with %-2: 9-5, 0.9, 1.7, and 10 ppm N6alanced with air when the nanobelt

. . . temperature was 20TC. The voltage applied to the nanobelt was 2 V.
thermally isolated suspendgd micro-heater devices that ,C_"’mReproduced with permission from ref 42. Copyright 2005 American
reduce the power consumption so that battery-operated minia-institute of Physics.

turized sensor arrays can be obtained. More importantly, a major

challenge for the development of sensor technologies based orthe optimization of the heater temperature and with the doping
nanobelts or other “bottom-up” synthesized nanostructures is of the nanobelt with catalytic additives to increase its electrical
the large-scale manufacturing of well-organized nanostructure conductivity and enhance redox procesSes.
sensor arrays. To address this challenge, we have investigated Fyrther, it was found that the current through the nanobelt
the assembly of nanobelts with the “top-down” fabricated recovered fully quickly after the Ngas was shut off and the
MEMS device that was developed for thermal characterization flow-though chamber was purged with room air. The recovery
of nanowires. We found that positive DEP can be used for the was much faster than that of the bunch of nanobelts tested in
assembly of nanobelts with the MEMS device at a high yield. an earlier worké8 It took less than three minutes, which could
The two membranes of the microdevice were supported by pe the time required for completely purging NOut of the
long, low-thermal conductivity silicon nitride (SiNbeams and  flow-through chamber, for the single nanobelt sensor to be
were thermally isolated from the substrate. The temperature of refreshed. On the other hand, the bunch of nanobelts in the
the membrane can be increased and monitored with the use okarlier work was not completely refreshed 40 min after the NO
the PRT serpentine patterned on the membrane. With only 3.8gas was shut off.
mW power consumption in the Pt RT, the membrane temper-  The faster recovery observed in the nanobelt was attributed
ature can be raised to 50C. to the absence of grain boundaries or interfaces along the
We have tested the device shown in Figure 17 that had oneisolated nanobelt of a single-crystal structure. In fact, we found
nanobelt trapped between the two Pt electrodes. We used a FIBhat the Pt coating deposited on the nanobelt by the FIB method
method to deposit a thin Pt coating on the nanobelt so as towas critical for eliminating the sensor poisoning effect. Without
improve the electrical contact. The sensor was mounted in athis contact treatment, it was observed that even a sensor
small flow-through chamber and tested with Néhd dimethyl consisting of just a single nanobelt could be poisoned, i.e., the
methyl phosphonate (DMMP) gases diluted in air. current could not recover fully after the N@as was shut off.
Figure 18 shows the response of the nanobelt sensorto 0.2 With the contact treatment, on the other hand, this poisoning
10 ppm NQ gas balanced in air while the nanobelt was heated effect was completely eliminated, suggesting that the single-
to 200°C by the microheater. Current change in the nanobelt crystal nanobelt itself was not poisoned but a poor contact
was clearly observed when the M@oncentration was as low  between the nanobelt and the Pt electrode could still be poisoned.
as 200 ppb. The sensitivity can potentially be improved with This finding suggests that the slow recovery observed in the
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structure and property data on the same nanostructure, which
will be invaluable for improving our understanding of the effects
of nanostructures on charge and phonon transports.
Furthermore, a method has been developed elsewhere for
measuring the mechanical properties such as elastic modulus
of individual CNT 73 This mechanical measurement method can
potentially be integrated with the microdevice that we developed
for thermal measurements. The integration can be obtained with
the addition of a microactuator to control the lateral movement
of one of the two SilNmembranes, so that the thermal property
Figure 19. Response of the as-assembled nanobelt sensor to 78 andzgn he measured as a function of stress in the nanowire. The

53 ppb DMMP balanced with air when the nanobelt temperature was ; ;
500 °C. The voltage applied to the nanobelt was 1.5 V. Reproduced obtained results can be highly useful, because the thermal and

with permission from ref 42. Copyright 2005 American Institute of thermo_electric properties depend on stress in the materials. In
Physics. fact, high ZT has been observed in bulk crystals under a

compressive stregéand the charge transport property in CNTs

bunch of nanobelts tested in the earlier wirvas due to  has been known to be sensitive to bending.
poisoning either at the poor contacts between the nanobelts and In the direction of the large-scale integration of nanowires
the electrodes or at the interfaces between connecting nanobelt§or sensor systems, the recent development of controlled
in the bunch of nanobelts. The elimination of such poisoning is nanowire assembly and growth methods can enable wafer-scale
essential for obtaining high sensor stability and repeatability. fabrication of micromachined sensor arrays containing multiple

We have also tested another as-assembled nanobelt sensdyers of different surface-functionalized nanowire sensor ele-
consisting of a single nanobelt with diluted DMMP gas obtained ments with different catalytic additives for ultrasensitive and
from a permeation tube containing a liquid phase of DMMP. Stable detection of chemical species and biomolecules. It has
Figure 19 shows the sensor response to DMMP gas balanced?€en reported that the LangmuiBlodgett (L—B) method can
with air when the device was Joule-heated to 5@ The allow for the large-scale assembly of aligned nanowire mono-
current through the nanobelt increased for about 5% and 3%, layers’®’’ Similar to a metal oxide thin film deposited using a
respectively, in respond to the 78 and 53 ppb DMMP diluted Physical vapor deposition (PVD) method, the-B nanowire
in air. This sensitivity can potentially be enhanced to sub-ppb Monolayer can be patterned using conventional photolithography
levels by doping the nanobelt with CaO, a catalytic additive and etching. Multiple metal oxide nanowire films can be
for increasing the sensitivity of metal oxide sensors for DMMP sequentially deposited using the room-temperatut8 imethod
detectiorf® Most importantly, in contrast with thin film metal ~ @nd patterned using photolithography. The room-temperature
oxide sensors for DMMP detectidhthe as-assembled nanobelt L—B deposition eliminates mass diffusion between adjacent
sensor did not show any poisoning effect upon exposure to |ayerS of metal OXideS, a major problem in the fabrication of
DMMP and the current recovered quickly as DMMP was shut thin film metal oxide sensor arrays using high-temperature PVD
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off. of multiple metal oxide films. This method will likely allow
for the fabrication of selective gas sensor arrays consisting of
VII. Concluding Remarks and Future Directions functionalized metal oxide nanobelts integrated with a MEMS

] ) ) platform that consists of a microchromatography column and
These experiments employing MEMS devices show that yreconcentrator for gas separation and preconcentration. Alter-
CNTs have super-high thermal conductivity with potential natively, the selectivity can also be obtained with the use of a
applications as heat spreaders in electronic packaging applicapattern recognition approach, where an array of sensors made
tions, that the thermal conductivity of semiconductor and metal of gifferent metal oxides with different catalytic additives

oxide nanowires are suppressed due to phonon-boundarygenerates a distinct response pattern for a gas species or mixture.
scattering, and that high thermoelectric figure of merit can
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