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Thermal properties of electrodeposited bismuth telluride nanowires
embedded in amorphous alumina

D.-A. Borca-Tasciuc
Department of Mechanical and Aerospace Engineering, University of California, Los Angeles,
California 90095

G. Chen?
Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139

A. Prieto,” M. S. Martin-Gonzalez,” and A. Stacy
Department of Chemistry, University of California, Berkeley, California 94720

T. Sands
School of Materials Engineering, School of Electrical and Computer Engineering, Purdue University, West
Lafayette, Indiana 47907

M. A. Ryan and J. P. Fleurial
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109

(Received 9 August 2004; accepted 25 October 2004

Bismuth telluride nanowires are of interest for thermoelectric applications because of the predicted
enhancement in the thermoelectric figure-of-merit in nanowire structures. In this letter, we carried
out temperature-dependent thermal diffusivity characterization of a 40 nm diamef€e; Bi
nanowires/alumina nanocomposite. Measured thermal diffusivity of the composite decreases from
9.2x10"m?st at 150 K to 6.9 10" m?s™* at 300 K and is lower than thermal diffusivity of
unfilled alumina templates. Effective medium calculations indicate that the thermal conductivity
along nanowires axis is at least an order of magnitude lower than thermal conductivity of the bulk
bismuth telluride. €004 American Institute of Physid®OIl: 10.1063/1.1834991

Recent developments in nanostructured thermoelectriameter filled with BjTe; in proportion better than 95%
materials show that highly efficient thermoelectric energythrough electrodeposition. Temperature-dependent thermal
conversion could be forthcomirfigAmong emerging nano-  diffusivity characterization was carried out with a photother-
structures, thermoelectric nanowires receive considerable atoelectric technique, described briefly in the following sec-
tention from researchefs® Bismuth telluride (Bi,Te;)  tion. The magnitude of the thermal conductivity reduction in
nanowires are particularly interesting because bul&jis 40 nm BiTe; nanowires in the direction parallel to the wire
the most efficient of materials used in thermoelectric appli-axis is assessed from the measured thermal diffusivity using
cations near room temperature. They are also appealing f@n effective medium model.
device applications because can be fabricated inexpensively Temperature-dependent thermal diffusivity characteriza-
through electrochemical deposition in nanochanneled alution of a 40 nm BjTe; alumina nanocomposite has been
mina template&=® The templates are also perceived to servecarried out with a photothermoelectric technid(ie® The
as structural support for the fragile nanowitf8However, experimental setup is schematically represented in Fig. 1. In
heat leakage through the anodic alumina layer may affect thiis method ac optical heating was applied to the front side
overall thermoelectric efficiency. Knowledge of the thermalof the sample and the temperature rise was detected at the
transport in BjTe; nanowires/alumina nanocomposite is es-

sential for deyice applications. The the_rm_al propgrties of the Gold  Specimen
nanocomposite can be also used to gain insight into the ther- N Lens Chopper
mal properties of embedded nanowires. Thermal conductiv-
ity measurements using thew3method™*? have been re- Constantan i Optical
ported for Si nanowires embedded in a polymer maittix. wire | \W

This letter reports experimental thermal properties of a "

40 nm BjTe; nanowires/alumina nanocomposite over the
temperature range between 150 K and 300 K. The nanocom-
posite consists of porous anodic alumina of 30% porosity

with highly ordered parallel cylindrical pores of 40 nm di- E-type .
thermocouple wires
dAuthor to whom correspondence should be addressed; electronic mail: Thermometer
gchen2@mit.edu
PCurrent address: Department of Chemistry and Chemical Biology, HarvardrlG. 1. Experimental setup for photothermoelectric technique. The local dc
University, Cambridge, MA 02138. temperature rise of the sample is monitored using a pair of closely spaced
9Current address: Instituto de Microelectrénica de Madrid, INGNM- E-type thermocouple wires. The sample is mounted in vacuum cryostat with
CSIO), Cllsaac Newton, 8PTM) 28760-Tres Cantos. Madrid, Spain. optical access windows.
0003-6951/2004/85(24)/6001/3/$22.00 6001 © 2004 American Institute of Physics

Downloaded 22 Feb 2010 to 161.111.180.191. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1834991

6002 Appl. Phys. Lett., Vol. 85, No. 24, 13 December 2004 Borca-Tasciuc et al.

1 v 1.6p=r=r—r—r—r—ry v
' ik " n lExperir:\ental 0 F ) Effective media v
Theoretical —~ (bulk k Bi.T )
‘Tw L 2 63

0.8 .20 NE 1.4 o
@
° qs_’ } Alumina
g x 1 z-_template
9.0.6 4.40 > -
E o £ ]
o é 2
? & 3 Effecti di ]
] N € 1d ective media
T 4-60 5 [ (Bi,Te,10 Ty .
E £ M +
<] .
z 2 o-&- d ” .."----.. + =

02 180 F | BiTejalumina ¢ o AL

* o s,
] I nanocomposite L S
0. Ol I - ol .
/! sheetralondabe 130 150 200 250 300 350
T B T T T T R T A

Frequency (Hz) Temperature (K)

. L . . FIG. 3. Measured thermal diffusivity of 40 nm Bie;/alumina nanocom-
FIG. 2. Experimentajsquaresand theoreticallines) normalized amplitude hposite (diamonds and unfiled alumina template of similar porosity

and phase of the temperature rise. The fitting is carried out for phase of t FN3O%) For comparison predictions of Eql) are also shown when
thermal signal. Theoretical amplitude is calculated based on thermal dil‘fuBiZTe3 n.anowires have a thermal conductivity same as kabntinuous

sivity found fitting the phase. line) or reduced by 10 time&ashed ling

backside. The ac heating on the front side was produced by@mposite is lower than the thermal diffusivity of unfilled
modulated IR laser beam with a diameter-e®.75 mm. The alumina templates.
specimen thickness was @ém. A thermocouple junction In order to assess the thermal conductivity reduction of
was formed between the backside of the sample and the tifte¢ embedded BiTe nanowires, the experimental data are
of a constantan wire with a diameter of 1. Since the compared against predictions based on the effective medium
surface was nonconductivéhe sample was polished to re- theory. In this model, the thermal diffusivitye) of the
move excess Bie; prior to the experimenta 50 nm gold  Bi>Tes/alumina nanocomposite along the nanowire axis is
layer was sputtered on the backside of the specimen to f&alculated as:
cilitate the temperature measurement. The amplitude and
phase of the voltage generated by the thermocouple junction _ Kaumina* (1 = @) + Kgi e, - & 1
were measureq using a lock-in ampljfier. ' ' «= (PC) atumina- (1 — &) + (pC)BiZT% ' 1)
The experimental data were initially fitted with a one-

dimensional heat conduction model because the beam diaritherek and(pc) represent the thermal conductivity and heat
eter was much larger than the sample thickness and it wegapacity of alumina and Bles, respectively, andp is the
assumed that the heat transfer occurred mainly across tigrcentage of Bire; in the composite. Assuming the nano-
specimen with very little spreading in the parallel direction.Wire properties are the same as those of bulkTBj, the
We also tried a two-dimensional anisotropic heat conductior?a|CU|a_ted values significantly ove_rpredlct the results. If the
model in cylindrical coordinates and we found that the fittedn@nowires have thermal conductivity at least an order of
thermal diffusivity increased by 6%, hence these values arg'2gnitude smaller than the bulk, the predicted values are
reported here. In the two-dimensional heat conduction modéj!oSe to the measured thermal diffusivity, within the upper
the heat capacity of the specimen was estimated from effe '.-m't of experimental errors. Hoyvever predictions of Eﬁl)
tive medium theory, based on the heat capacity of alumin it better the r_neas_ured values if t_he thermal conductivity of
template¥’ and the specific heHtand densit? of Bi,Te;. I2Te, nanowires is reduced 30 times or more. An order of
The anisotropy of the thermal conductivity of the specimenmag.gmt.ufje reduction n thermal c_onduct|V|ty was reported
was estimated from Maxwell's thedifor the limiting cases for |nd|V|duaI_391 nm B3] e; nanowires grown by the same

. . . " electrodeposition methdd. However the diameter of the
when BbTe; nanowires have negligible thermal conductivity

isot 07 h h | ductivit bulk nanowires in the nanocomposite measured in the present
(a}msozroopyf 7§ or the same ermal conductivity as bu study is ten times smaller and a larger thermal conductivity
Bi,Te;” (anisotropy~1). The uncertainty in reported ther-

NG _ X "~ reduction is expected in these wires because of stronger size
mal diffusivity is ~9% and it comes from uncertainty in gtfacts on heat carriers. Despite the estimated large thermal
sample thickness, which is4%. _ conductivity reduction in BiTe; nanowires we should point
Figure 2 shows an example of the experimental temperayyt that the good thermal properties of alumina template and
ture amplitude and phase, as compared with predictions Ushe large uncertainties in the thermal diffusivity values of the
ing fitted values for thermal diffusivity. The fitting was car- nanowire-filled template make an exact determination of the
ried out only for the phase of the thermal signal. Figure 3thermal conductivity value of the nanowires impraticable.
shows the temperature dependent thermal diffusivity of the  |n summary, we have measured the temperature-
nanocomposite. The thermal diffusivity measured along thelependent thermal diffusivity of a 40 nm e/ alumina
wires axis decreases from %2.0" m?>s™* at 150 K to 6.9  nanocomposite. The alumina templates of 30% porosity and
%107 m?s™! at 300 K. The room temperature thermal dif- 40 nm diameter parallel pores have been filled withTBj
fusivity is the same as reported elsewhere on a similathrough electrochemical deposition. The measured thermal

specimerf* The measured thermal diffusivity of the nano- diffusivity of the nanocomposite decreases from 9.2
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