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For an electrodeposited bismuth telluride (Bi, Te,_,) nanowire from one batch with x found to be
about 0.46, the Seebeck coefficient (S) was measured to be 15%—-60% larger than the bulk values
at temperature 300 K. For four other nanowires from a different batch with x=~0.54, S was much
smaller than the bulk values. The electrical conductivity of the nanowires showed unusually weak
temperature dependence and the values at 300 K were close to the bulk values. Below 300 K,
phonon-boundary scattering dominated phonon-phonon Umklapp scattering in the nanowires,

reducing the lattice thermal conductivity. © 2005 American Institute of Physics.

[DOI: 10.1063/1.2058217]

The energy efficiency of thermoelectric (TE) refrigera-
tors and power generators is limited by the thermoelectric
figure of merit (Z7T) defined as ZT= S?0T/ k, where S is the
Seebeck coefficient, o is the electrical conductivity, « is the
thermal conductivity, and T is the absolute temperature. Fur-
ther, k=k,+k,, where «, is the electron contribution and «,
is the phonon contribution to . During the past fifty years,
bismuth telluride alloys have remained the bulk materials
with the highest ZT close to unity at 7=300 K.'? ZT needs
to be higher than 3 for TE refrigerators to be as efficient as
chlorofluorocarbon-based units. It have been suggested that
ZT can be increased in low-dimension nanostructures be-
cause S?c can be increased by high electronic density of
states near the Fermi level and « can be suppressed by
phonon-boundary scattering and modification of phonon
dispersion.4_6 Recently, there have been reports on the
growth of thin-film superlattices7’8 and nanostructured bulk
alloys9 with improved ZT.

Very high ZT values have been predicted in Bi-based*
and 1I-V'" nanowires. The ZT of these nanowires have not
been obtained in previous measurements.' > In this letter,
we report measurement results of S, o, k, and ZT of bismuth
telluride (Bi,Te,_,) nanowires. The results reveal effects
of surface scattering and chemical composition on the TE
properties.

Two batches of Bi, Te,_, nanowires were deposited in the
nanopores of anodized alumina membranes using an electro-
chemical deposition method.'* It was revealed by high-

resolution transmission electron microscopy (HRTEM) mea-
surements that these nanowires were single crystalline, and

the growth direction was (1120), perpendicular to the ¢ axis.
During the deposition, the Bi-to-Te atomic ratio in the elec-
trolytes was 2 to 3 for the first batch and 1 to 1 for the second
batch. An energy dispersive spectrometer (EDS) of an
HRTEM was used to find that the Bi-to-Te ratio of one nano-
wire from the first batch was 46% to 54%. For four nano-
wires from the second batch, the average EDS-obtained
atomic fraction is 54% of Bi and 46% of Te with a standard
deviation of 4.2%.

We have measured the TE properties of the nanowires
shown in Table I. Except for sample 2 and sample 3, the
measurements were conducted using a suspended
microdevice'> shown in the scanning electron micrograph
(SEM) of Fig. 1. For improving the electrical and thermal
contacts, a dual-beam SEM and focused ion beam (FIB) sys-
tem was used to deposit two short platinum (Pt) lines on top
of the contacts between the nanowire and the two Pt elec-
trodes on the membranes, which were used to measure S.
After measuring S and «, we deposited two additional short
Pt lines to connect the nanowire with the two Pt serpentine
lines on the membranes for measuring the four-probe electri-
cal resistance of the nanowire. We avoided imaging the sus-

TABLE I. Diameter (d) of the nanowires.

Sample 1 (2 wires) 2 3 4  5(2wires) 6 7 8
Batch 1 1 1 2 2 2 2 2
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FIG. 1. SEM of a Bi,Te,_, nanowire trapped on the two suspended mem-
branes of the measurement device. Four Pt lines were deposited locally on
the nanowire, as labeled by the arrows. The inset is the SEM of another
Bi,Te;_, nanowire deposited on an oxidized silicon wafer and contacted by
four Pt lines.

pended segment of the nanowire with either ion-beam or
high-magnification SEM in order to prevent sample damage
or contamination. After the FIB deposition, we avoided im-
aging the sample with either the electron or ion beam to
prevent converting the residual precursor gas into a conduct-
ing layer on the sample. For samples 2 and 3, the nanowire
was deposited on an oxidized silicon wafer, and four Pt elec-
trodes were patterned on the nanowire by FIB deposition.
For sample 2 shown in the inset of Fig. 1, there was no
electrical connection between any two adjacent Pt electrodes
after a 100 nm wide cut was made by FIB on the nanowire
between the two electrodes, suggesting that the FIB deposi-
tion did not cause current leakage.16 For four-probe resis-
tance measurements, the voltage drop across the two middle
electrodes was measured when a current was supplied be-
tween the two outer electrodes, where Peltier cooling or heat-
ing occurred. Due to heat leakage from the nanowire to the
substrate under the segment between an outer electrode and
the adjacent middle electrode, the Peltier effects caused a
negligible temperature difference and Seebeck voltage be-
tween the two middle electrodes.

For sample 1, the obtained S in Fig. 2 was positive,
indicating that the nanowire was p-type. The value of
260 uV/K at T=300 K was 60% higher than that for bulk
BiysTeyss crystal, and 15% higher than that of Bi,Tes,
which was found to have the largest S for p-type Bi,Te,_,
bulk crystals.1 For the other nanowires from the second
batch, § was negative, suggesting electron-like majority car-
riers. Among the reported bulk crystals, Bigg5Teq 505 with
the atomic ratio closest to the second batch was found to
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FIG. 2. Seebeck coefficient as a function of temperature. The left Y axis is
for filled symbols and the right Y axis is for open symbols.
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FIG. 3. Electrical conductivity of the nanowires (filled symbols) and bulk
crystals (open symbols) as a function of temperature.

have a positive S=138 uV/ K,' much higher than those for
the nanowires from the second batch. While § for sample 1
showed nonlinear 7' dependence, the observed S of the
samples from the second batch exhibited linear 7 depen-
dence similar to the diffusion S of a metal. As a comparison,
bulk Bi,Te;_, crystals is p-type for x>0.37, n-t_?/pe for x
<0.37, and bulk Bi 4g5Teq 505 is highly p—doped.1

The o values obtained from the four-probe resistance
measurements are shown in Fig. 3 together with the reported
values for Big4¢Te( 54 and Big4g5Te( 505 bulk crystals. The o
values at 7=300 K of samples 2 and 3 were close to the
value for bulk Bij4¢Tey s, and were about two times higher
than that for the Bridgman-type Bij¢Teq 54 Single crystals.17
While the bulk o decreases approximately linearly with in-
creasing T due to increased electron-phonon scattering, the o
of the nanowires showed very weak 7 dependence. For
sample 2, the decrease of o with increasing 7 was somewhat
similar to but at a much smaller slope than the bulk behavior.
Although the smaller slope can be attributed to a surface-
scattering dominated electron mean free path that only
weakly depends on 7, the o value at 300 K of sample 2 was
not reduced by surface scattering. For sample 3, o increased
slightly with 7. This behavior is somewhat similar to that of
a nondegenerate semiconductor, for which an increase of the
carrier concentration can lead to an increased o with 7. Ad-
ditionally, the presence of local defects or conduction barri-
ers in the nanowire can lead to the increased o with 7.

The o of sample 4 from the second batch was almost
independent of 7. The value at 300 K was close to those for
bulk Bi0'485Teq‘?15 Crystal and Bridgman-type Bio_soTeo_So
single crystals.

The thermal conductivity of the three samples from the
first batch was not obtained, and only the thermal conduc-
tance (G) was obtained for sample 1. The thermal conduc-
tivity of four samples from the second batch has been mea-
sured, and the results are shown in Fig. 4 with the obtained G
of sample 1.

For bulk Bi,Te;, x reaches a maximum value at T
<75 K, decreases from 7=75K to a minimum at T
~270 K due to phonon-phonon Umklapp scattering.18 For
sample 1, G increased with 7 and approached a maximum
value at 7>350 K. The shift of the maximum G to high T
suggests that phonon-boundary scattering dominated
phonon-phonon Umklapp scattering for 7<<300 K. For
sample 4, « increased with 7 and reached a peak value at
T=340 K. Although the peak value revealed an increasing
effect of the Umklapp process at high temperatures, phonon-
boundary scattering was the dominant scattering process for
T<300 K. For sample 8, the « versus T curves is approxi-
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FIG. 4. Thermal conductivity (filled symbols) or thermal conductance (open
symbols) as a function of temperature.

mately linear between 300 and 380 K, indicating a large ef-
fect of phonon-boundary scattering in this nanowire with the
smallest diameter. Although this result may indicate that
phonon-boundary scattering could reduce « more in smaller
nanwoires, a monotonic decrease of « with decreasing d was
not revealed by Fig. 4, likely due to different surface rough-
ness of different nanowires.

The « values at T=300 K of the nanowires were 28%—
57% lower than those for bulk Bij4gsTeqs;5 crystals. We
could not find the « values for bulk Bi,Te,_, crystals with the
same x as for the second batch. For the bulk crystals, «
decreased with increased Bi concentration in the range be-
tween 41.5% and 48.5%."" 1t is possible that « is lower for
bulk BissTe( 46 crystal than for bulk Bij4g5Te 5,5 crystal.

The k, and «, of sample 4 have been calculated accord-
ing to the Wiedemann-Franz law with the Lorenz number
L=2.44X10"" W Q/K?. The calculated «, to k, ratio was
1.02 at 7=300 K. This ratio is 2.39 for bulk Bij4g5Te 515
crystal and 1.17 for bulk Bi,Tes crystal if the same L value is
used.”"” The obtained K, at T=300 K of sample 4 was 60%
lower than that of bulk Bij4g5Te( 5;5; while the o and «, at
T=300 K of the nanowire was only 5.6% lower than that of
bulk Big4g5Te(s;5. The large difference in the reductions in
Kk, and o can have two possible origins. First, the de Broglie
wavelength (\,) of electrons in these semiconductor nano-
wires is about 10 nm; while the dominant phonon wave-
length (\,p,) is below 1 nm. For a surface roughness (r) on
the order of 1 nm, the Rayleigh scattering cross section is
proportional to (r/ M)* and much smaller for electrons than
for phonons. Hence, the surface roughness may reduce «,, to
a much larger extent than the reduction in o. Because the
atomic ratio of the nanowire is different from that of the bulk
crystal used for comparison, however, we cannot rule out the
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possibility that an increase of x from 0.485 for the bulk to
0.54 for the nanowire can cause a larger reduction in «, than
in o, although o was found to be reduced more than K, when
x was increased from 0.4 to 0.485 for the bulk crystals. Ad-
ditionally, for this nanowire from the second batch, ZT cal-
culated from the obtained S, o, and « increased with 7 and
was about 0.02 at 7=300 K, very low due to the low S for
this atomic ratio.

For Bi,Te;,_, nanowires from the first batch with
x=0.46, we found that the S was 15%—-60% higher than, and
the o was close to, the corresponding bulk values. We also
observed signatures of increased phonon-boundary scattering
that should reduce the lattice thermal conductivity. This evi-
dence suggests that high ZT can potentially be obtained in
Bi, Te,_, nanowires with an optimized atomic ratio.
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