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Abstract

Single-crystalline Big sSb; sTe; nanowires were fabricated by a template-assisted pulsed
electrodeposition technique; the thermal conductivity of a single Bij sSb; sTe; nanowire of
different diameters was characterized through a self-heating 3 @ method. The temperature-
dependent resistance measurements prove the semiconductor behavior of the nanowires. The
extremely low thermal conductivity of the nanowires was found compared with the
corresponding bulk, and the Umklapp peaks shift to a higher temperature as the decreasing
nanowire’s diameter decreases, which qualitatively agrees with the theoretical calculations based
on the Callaway model. The boundary scattering plays an important role in the reduction of the
thermal conductivity and in the shift of the Umklapp peak of the Bij sSb; sTe; nanowires.

Online supplementary data available from stacks.iop.org/NANO/25/415704/mmedia
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1. Introduction

Thermoelectric materials, which can generate electrical power
from thermal energy or convert electrical power into heating
or cooling, are expected to play an increasingly important role
in meeting future energy challenges [1, 2]. Generally, the
efficiency of thermoelectric materials is qualified by figure of
merit ZT = S%6T/k, where S, 6, T and « refer to the Seebeck
coefficient, electrical conductivity, absolute temperature and
thermal conductivity, respectively. To compete with tradi-
tional energy conversion technologies, thermoelectric mate-
rials should theoretically have a ZT > 3 [2]. Unfortunately, the
interdependence and coupling between S, ¢ and « of the tra-
ditional bulk thermoelectric materials makes it extremely
difficult to fulfill this requirement [3].

Nanostructure engineering is considered to be one of the
most effective ways to enhance the performance of currently
promising thermoelectric materials. Previous experiments

0957-4484/14/415704+07$33.00

have demonstrated that the enhancement in Z7 mainly comes
from the reduction of thermal conductivity owing to the
enhanced boundary scattering in nanostructures [4, 5]. This
finding has inspired intensive investigation into the fabrica-
tion of nanostructured thermoelectric materials, such as Si
nanowires, manganese silicide nanowires, Bi,_,Sb,Te;
nanoplatelets and Bi,Te; nanowires [6-9], in which Bi,Tes-
based nanowires is the focus of interest due to their near-
room-temperature applications and theory-predicated sig-
nificant enhancement of ZT [10].

Bi,Tes-based nanowires, such as Bi,Tes;, Bi,_ Sb,Tes
and Bi,Te;_,Se,, have been successfully fabricated by tem-
plate-assisted electrodeposition techniques [11-15], while the
electrodeposition of ternary Bi,_,Sb,Te; nanowires is rela-
tively difficult because of the instability of antimony ions in
water and the hardship in controlling a nanowire composition
compared with binary compounds; the reported BigsSb; sTe;
nanowires are always polycrystalline [12, 16]. On the other

© 2014 I0P Publishing Ltd  Printed in the UK
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hand, the measurement of thermal conductivity of a single
Biy sSb; sTe; nanowire is still lacking due to the difficulties in
temperature measurement and heat flow control at the
microscopic scale. Therefore, it is worth exploring the thermal
conductivity of a single BiysSb; sTe; nanowire with the
anticipation of understanding its phonon transport mechanism
and further designing the favorable nanostructure with a high
thermoelectric efficiency.

In this paper, we report the fabrication of single-crys-
talline Bij 5Sb; sTe; nanowires by a pulsed electrodeposition
technique and by the characterization of the thermal con-
ductivity of single BigsSb; sTe; nanowires using a self-
heating 3 @ method [17-22]. An extremely low thermal
conductivity was evidenced in the BigsSb; sTe; nanowire
compared with the corresponding bulk, and it was found that
the Umklapp peaks shift to a higher temperature when the
nanowire’s diameter decreases, demonstrating an enhanced
phonon-boundary scattering due to the reduction in the dia-
meter of the Biy sSb; sTe; nanowires.

2. Experimental

2.1. Electrodeposition of Biy sSb; 5Tesz nanowires

The anodic alumina membrane (AAM) was prepared using a
two-step anodic anodization process, as previously described
[23-26]. The electrodeposition was carried out in a three-
electrode electrochemical cell in which a piece of graphite, a
saturated calomel electrode and Au-sputtered AAMs served
as a counter, a reference and a working electrode, respec-
tively. An aqueous solution containing 1 M HNO;, 0.002 M
Bi(NO3)3-5H,0, 0.015M TeO, and 0.02 M Sb,O5; was used
as the electrolyte, and 0.3 M tartaric acid was used as the
complexing agent. Before the electrodeposition, cyclic vol-
tammogram (CV) experiments were performed to determine
suitable voltage ranges for the deposition of the Bij sSb; sTe;
nanowires. A millisecond-pulsed electrodeposition with pul-
ses of 10 ms for reduction and 40 ms for relaxation was used
to fabricate the nanowires, and an open-circuit potential was
used in the relaxation time. The CV measurements and
electrodeposition were carried out at room temperature using
a CHI 660D electrochemical workstation.

2.2. Characterizations

The crystalline structure and morphology of the fabricated
nanowires were characterized by x-ray diffraction (XRD,
Philips PW 1700 with Cu K, radiation), field-emission
scanning electron microscopy (FE-SEM, FEI Sirion-200),
transmission electron microscopy (TEM, H-800), selected
area electron diffraction (SAED) and high-resolution trans-
mission electron microscopy (HRTEM, JEOL-2010). The
composition of the nanowires was determined by energy
dispersive x-ray spectroscopy (EDX) attached to the TEM
and by inductively coupled plasma atomic emission spectro-
scopy (ICP-AES, Thermo iCAP 6300). For the XRD mea-
surements, the overfilled nanowires on the AAM surface were
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Figure 1. Schematic diagram of the fabrication process of the
microdevice.

mechanically polished away. For the SEM observations, the
AAM was dissolved with 2M NaOH solution and then
carefully rinsed with deionized water several times. For the
TEM observations, the AAM was completely dissolved with
a 2 M NaOH solution and then rinsed with absolute ethanol.
For the ICP-AES analysis, the nanowires were dissolved in
0.5 mL concentrated HNO5 and diluted to a final volume of
5 ml with deionized water.

2.3. Thermal conductivity measurement

A microdevice that consists of a single nanowire and of four-
point-probe electrodes on the SiO,/Si substrate was used to
measure the thermal conductivity of the BiysSb; sTe; nano-
wires. The schematic diagram of the fabricating process of the
microdevice is shown in figure 1. Briefly, e-beam lithography
was used to generate a photoresist pattern on a 500 nm thick
SiO,-coated Si substrate. After the e-beam evaporation of
5 nm thick Ti and 60 nm thick Au, a lift-off process follows to
define the metal electrode pattern. To construct a suspended
nanowire, which is necessary to avoid heat loss during the
thermal conductivity measurement, about 200 nm SiO, steps
were made by reactive ion etching. Then, a drop of the
nanowire’s suspension solution (the released nanowires were
dispersed in ethanol using a low-power ultrasound) was
dipped onto the microfabricated chip. Subsequently, the
nanowire-dropped chip was transferred into an FEI FESEM/
FIB dual beam system for defining a single nanowire that
crossed the electrodes and for the deposition of top Pt-elec-
trodes. It should be pointed out that Ga-doping or damage in
the process of nanofabrication for the Pt-electrode deposition
might form an amorphous. However, this amorphous is
formed only on the upper surface of the nanowire at the
electrodes, and the top Pt-electrodes are used only to fix the
nanowire in the present study; it will not affect the mea-
surements because the electrical conductivity of the Au
electrodes that lie below the nanowire is much higher than the
conductivity of the Pt electrodes that lie above the nanowire.
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Figure 2. (a) SEM image of a suspended 67 nm Big sSb; sTe; nanowire microdevice. (b) Schematic diagram of the 3 @ measurement set-up.

A typical SEM image of the microdevice with a single
Bij 5Sb; sTe; nanowire is shown in figure 2(a). The suspen-
sion of the nanowire on the Au steps and on the top Pt-
electrodes can be clearly seen. The set-up for the thermal
conductivity measurement is schematically illustrated in
figure 2(b) in which a temperature fluctuation at a frequency
of 2 w was generated when constant amplitude ac current
Ipsin t was applied through the suspended BigsSby sTes
nanowire, which resulted in a voltage fluctuation of 3 w
across the nanowire. A lock-in amplifier was used to pick up
the 3 w signal. If the condition I3R'L/n*m*kS < 1 is fulfilled,
the third harmonic voltage across the nanowire with an
accuracy of 1.2% can be described by the equation
[17, 18, 22]:
J2IGRR'L
V3a), rms = T 4 ey
kS
where R, R', L, k and S are the resistance, temperature gra-
dient of the resistance, length, thermal conductivity and cross-
sectional area of the suspended nanowire, respectively. To
fulfill the above-mentioned condition, the input current must
be within tens of the pA, according to the previous works
[19, 21, 22, 27, 28].

3. Results and discussion

3.1. Characterizations of nanowires

To determine the growth condition of the Bi,_,Sb,Te;
nanowires, the CV scanning of the electrolytes with and
without the Sb were firstly performed, and the results are
shown in figure 3. Three reduction waves situated at about
0.3, —0.05 and —0.7 V (the labels A, B and C in the Bi-Te bath
of figure 3), correspond, respectively, to the reduction of
HTeO3 and Bi** to Bi,Tes; the formation of Bi,Te; via an
intermediate step and the onset of hydrogen evolution [29]
can be clearly seen for the electrolyte without Sb. However,
for the electrolyte with Sb, three major reduction waves (the
labels D, E and F in the Bi-Sb-Te bath of figure 3) at about
—0.1, —0.36 and —0.7 V can be observed in which peak D is
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Figure 3. CV curves of the electrolyte for the deposition of the Bi-
Sb-Te ternary alloy and Bi-Te binary alloy. The scan rate is
0.04 Vs

considered and mainly comes from the formation of the
Bi,Te; alloy. Peak E corresponds to the co-deposition of Bi,
Sb and Te, and peak F is the onset of the hydrogen evolution.
It is worth noting that the peak value for the formation of
Bi,Te; in the Bi-Sb-Te bath is more negative than that in the
Bi-Te bath and is attributed to the slight deposition of Sb.
From these results, we can conclude that the deposition of
Bi, _,Sb, Te; is more favorable at the greater potential nega-
tivity than —0.1V, and it was found that the stoichiometric
Bij 5Sb; sTe; nanowires can be fabricated at the potential of
—0.35 V. The corresponding ICP-AES analysis shows that the
resulting Bi-Sb-Te nanowires have the composition of 10.3
Bi, 30.1 Sb and 59.6 Te at %, which is close to the stoi-
chiometric formula of Biy sSb; 5Tes.

Figure 4 shows the typical SEM images of Biy sSb; sTes
nanowires with three different diameters after the removal of
AAM through etching in a 2M NaOH solution for several
minutes. The diameters of the nanowires were determined to
be 67, 124 and 282 nm, respectively. Figure 5 shows the XRD
patterns of the Bij sSb; sTe; nanowire arrays with the AAMs
in which only one sharp diffraction peak can be observed in
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Figure 4. SEM images of BiysSb; sTe; nanowires with diameters of (a) 67, (b) 124 and (c) 282 nm after removing the AAM.
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Figure 5. XRD patterns of the BijsSb; sTe; nanowire arrays with
diameters of (1) 67, (2) 124 and (3) 282 nm.

each XRD pattern; this indicates that the nanowires with
different diameters all have a highly preferential orientation
along the [110] direction. Other diffraction peaks related to
elemental Bi, Sb, Te and their binary compounds were not
observed, which indicates the formation of a complete single
phase Bi0.5sb1_5Te3.

Figure 6(a) shows a typical TEM image of a single
BiysSb; sTe; nanowire after complete removal from the
AAM. One can see that the nanowire has a diameter of 67 nm.
The corresponding SAED pattern proves the single crystalline
of the nanowire, and the growth direction is [110], as shown

in figure 6(a). The HRTEM image of the nanowire further
confirms the single crystalline of the Biy sSb; sTe; nanowire
in which the interplanar spacing of 0.202 nm matches well
with the (0015) plane of the BigsSbysTe; phase, which
indicates that the nanowire grows along the [110] direction
(figure 6(b)); this is in agreement with the XRD result. The
corresponding EDS analysis shows the existence of only Bi,
Sb and Te (along with the presence of Cu and C from the
holey-carbon-coated copper grid in figure 6(c)); the quanti-
tative EDS analysis shows that the ratio of Bi:Sb:Te is about
9.5:28.2:62.3, which is close to the ICP-AES result.

3.2. Electrical transport properties

For electrical and 3 @ signal measurements, the microdevice
was placed in a cryogenic and vacuum system (Edward),
which also acts as a shielding box. In order to measure the
resistance of the BigsSb; sTe; nanowires, the four-point-
probe method was used for the I-V measurements, and the
resistance can be obtained from the slope of the I-V curves.
Figure 7(a) shows the typical I-V curves of the 67 nm
Bij 5Sb; sTe; nanowire, and a perfectly linear relationship
between the current and the voltage can be seen. The same
results were also found for 124 and 282 nm BigsSb sTes
nanowires (see figures S1(a, b) and S2(a, b) of the supporting
information). Figure 7(b) shows the temperature-dependent
electrical resistance of the BigsSb; sTe; nanowire with dif-
ferent diameters. One can see that the resistances decrease
nonlinearly with the increasing temperature, displaying a
typical semiconductor behavior. Also, the temperature gra-
dient of the resistances (R’ =dR/dT) is not a constant over the
entire temperature range. Therefore, to avoid errors in the
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Figure 6. (a) TEM and (b) HRTEM images of a single BiysSb; sTe; nanowire (67 nm) and the (c) EDS spectrum. The inset in (a) is the

corresponding SAED pattern.

calculation of the thermal conductivity, the R’ values were
calculated from the slope with a combined linear and esti-
mator function [20] (see figures S3-S5).

Although the four-probe method for the I-V measure-
ments cannot judge the ohmic contact, the electrode’s con-
tacts were either ohmic or unable to affect the 3w
measurement with the four-probe method. According to
equation (1), the V3, is proportional to the cube of input ac
current Iy. The V3, signal was measured at different tem-
peratures to check this relationship. For example, the V3, of
the 67 nm Bij 5Sb; sTe; nanowire as a function of the input ac
current at 50 and 300 K is shown in figure 8, which demon-
strates that there is a linear relationship between V3, the ac
current amplitude () and the resultant exponent, x, from the
fitting data, which is about 2.87 and 2.96 at 50 K and 300 K
respectively; this is very close to the ideal value of 3. Similar
results are also found in the 124 and 282 nm BiysSb; sTe;
nanowires (see figures S1(c, d) and S2(c, d)). This result
indicates that the heat produced by the input ac current has
mostly diffused through the suspended nanowire, and the heat
loss is very limited, which demonstrates that the calculated
thermal conductivity using the data measured by the 3 w
method is reliable [19].

3.3. Thermal conductivity

The calculated thermal conductivity using equation (1) at a
temperature range of 20~320K of a single BiysSb; sTe;
nanowire with different diameters is shown in figure 9(a).
One can see that the thermal conductivities of the
BiysSb; sTe; nanowires decrease with the decreasing nano-
wire diameter at all of the measured temperatures and are
about several times lower than that of the bulk material at
room temperature [5] (see discussion below). The enhanced
boundary scattering in the nanowires is considered to be the
main reason for the reduced thermal conductivity [30]. From
figure 9(a), one also can see that the thermal conductivity of
the Big sSb; sTe; nanowire firstly increases with the increas-
ing temperature at a low temperature; after reaching a peak
value, it finally decreases at a high temperature. This peak is
the so-called Umklapp peak and is at about 150, 70 and 50 K
for 67, 124 and 282 nm nanowires, respectively, which are all
higher than that of the bulk nanostructured BigysSb; sTe;
pellets (about 20 K) [31]. The fact that the Umklapp peak of
the BigsSb; sTe; nanowires shifts to a high temperature with
the decreasing diameter suggests that the phonon-phonon
Umklapp scattering, which decreases the thermal con-
ductivity, is suppressed because of the enhanced phonon
boundary scattering via the size effect.
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we consider the frequency-dependent relaxation time of
phonons according to the Mathiessen’s rule:

™Y (®) = Aw* + BaPTel=00/3T) 4 7! )
where Aw?, szTexp(—QDBT) and lel are the point-defect
scattering, phonon-phonon Umklapp scattering and boundary
scattering, respectively; A and B are independent of tem-
perature 7,' =v/d where d is the critical size of the sample. In
the present study, the fitting parameters of v, A, B and 0p
taken from [32] were used to calculate the thermal con-
ductivities of nanowires by the simple Callaway model
[33, 34]. The calculation results are shown in figure 9(b). One
can see that the thermal conductivities are indeed smaller than
the corresponding bulk material (0.70, 0.79 and 0.89 W mK™"
at 300 K for 67, 124 and 282 nm nanowires, respectively, and
1.4 W mK™! for the bulk) [5]. From figure 9(b), one also can
see that the Umklapp peak temperature of the nanowires shifts
to a high temperature with the decreasing nanowire diameter
and is at about 83, 72 and 58.5 K, respectively. Also, it is
higher than the corresponding bulk (at 20 K). Because the
parameters A and B are obtained from the bulk material, one
can thus conclude that the boundary scattering truly plays an
important role in the reduction of the thermal conductivity
and the suppression of the Umklapp peaks of the nanowires.
It is worth noting that the thermal conductivity calculated
from the Callaway model is higher than that from
equation (1). Some possible reasons that might account for
the discrepancy are: (1) the roughness on the nanowire’s
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surface may act as secondary scattering phases [4], as proved
by a recent theoretical and experimental study on Si nano-
wires in which the surface roughness has great influence on
the thermal conductivity [35, 36]; (2) the parameters obtained
from the bulk did not take into account the crystal anisotropy
(the BigsSb; sTe; with a rhombohedral structure is highly
anisotropic); (3) the existence of other defect-scattering pro-
cesses that extend beyond mass fluctuation and strain field
scattering [37] and (4) the ignored carrier-phonon scattering
in the calculation. Further work should be focused on the
above-mentioned reasons.

4. Conclusions

In summary, single-crystalline and highly preferentially
oriented BigsSb; sTe; nanowires with different diameters
have been prepared by a pulsed electrodeposition based on
the AAM. Unusually low thermal conductivity on a single
Bij 5Sb; sTe; nanowire was determined using the self-heating
3 @ method. It was found that the electrical resistance of the
Bij 5sSb; sTe; nanowires decreases with the increasing tem-
perature, and the thermal conductivity firstly increases and
then decreases with the increasing temperature. In addition,
the Umklapp peak shifts to a high temperature with the
decreasing diameter, which is qualitatively in agreement with
our theoretical calculation based on a simple Callaway model.
The enhanced surface phonon scattering is considered to be
responsible for the reduction in the thermal conductivity. Our
results will shed some light on the fabrication and under-
standing of the thermal transport mechanism of other 1D
thermoelectric materials such as superlattice nanowires. Fur-
ther work concerning the ZT of Bi sSb; sTe; nanowires and
the optimization of the thermoelectric performance based on
the data obtained by the 3 @ technique is underway.
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