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We report an observation of an order of magnitude enhancement of the thermoelectric figure of merit 

(ZT=0.36) in topological insulator Bi1.5Sb0.5Te1.7Se1.3 nanowires at 300 K as compared with its bulk 

specimen (ZT=0.028). The enhancement was primarily due to an order of magnitude increase of electrical 

conductivity of the surface-dominated transport and thermally activated charge carriers in the nanowires. 

Magnetoresistance analysis revealed the presence of Dirac electrons and determined the Fermi level near 

the conduction band edge. This might be the first thermoelectric measurement of samples with a chemical 

potential in the gap of topological insulator without gate tuning and provides an opportunity to study the 

contribution of surface states to Seebeck coefficient and resistivity without concern for the complex effect 

of band bending. 

 

 

1 Introduction 

The unique electronic structure of gapless surface states and bulk 

gap1–5 in topological insulators (TIs) create a unique opportunity for 

applying them in thermoelectric (TE) applications.6 The efficiency 

of TE material is characterized by the dimensionless figure of merit 

(ZT) (= S2T/ρκ), where T, S, ρ, and κ are the absolute temperature, 

Seebeck coefficient, electrical resistivity, and thermal conductivity, 

respectively. Power factor (PF, S2) enhancement can be obtained 

by creating a resonant state near the Fermi level because of the 

drastic change in the electronic density of state.7 Phonon boundary 

scattering substantially reduces thermal conductivity in nanowires 

(NWs),8,9 and confinement effects are predicted to enhance the PF.10 

After the novel surface state in TIs was discovered, the effect of the 

nontrivial topology on the TE properties became an appealing 

scientific topic.6,11–13 Because NWs exhibit more surface states than 

bulk materials and nanoflakes do, we were able to observe the novel 

TE properties of TI NWs. The enhancement of TE ZT in TIs has 

been theoretically proposed6; however, experimental results have 

revealed that the TE PF in low-dimensional TIs is still lower than 

that of their parent bulk materials.11–13  

Although the TE properties of Bi1.5Sb0.5Te1.7Se1.3 (BSTS) bulk 

materials and nanoflakes have been investigated, the NWs of the 

system have yet to be explored. In this paper, we report an 

observation of an order of magnitude enhancement of ZT (=0.36) in 

TI Bi1.5Sb0.5Te1.7Se1.3 NWs at 300 K. The enhancement was 

primarily due to an order of magnitude increase of the electrical 

conductivity (2.38 x 105 S/m) of the surface-dominated transport and 

thermally activated charge carriers in NWs, compared with their 

counterpart BSTS bulk materials. This might be the first TE 

measurement of samples with a chemical potential in the gap of TI 

without gate tuning, and provides an opportunity to study the 

contribution of surface states to Seebeck coefficient and resistivity 

without concern for the complex effect of band bending. 

The recently discovered 3D TI Bi2Se3 and Bi2Te3
14–19 are also 

good TE materials because of their similar characteristics, such as 

heavy elements and a small band gap. The helical surface state of 3D 

TIs has been confirmed using surface sensitive techniques, such as 

angle-resolved photoemission spectroscopy,14–16 scanning tunneling 

microscopy,17–19 and magnetotransport studies.20–28 The Dirac 

surface state is protected by time-reversal symmetry, which enables 

charge carriers to propagate on the surface or along the edge of a TI 

without backscattering. Because of the high carrier concentration 

(1019 cm-3) of bulk materials, probing the surface conducting channel 

is a challenging task. Thus, achieving a high-insulating bulk state is 

a crucial prerequisite for the transport applications of TI and TE 

materials.  

Recently, the BSTS system was confirmed to be a high-

insulating bulk TI with high bulk resistivity21–23 because of the 

ordered occupation of Te/Se in the quintuple-layer unit, which 

substantially cancels the bulk carriers.21,23 In addition, the low-

dimensional nanostructure with a high surface-to-volume ratio 

enables metallic surface conduction and TE transport properties to 

be efficiently probed. In this study, we selected BSTS NWs as our 

target specimens and expect to observe the novel transport and TE 

properties therein. 

2 Experimental Method  

2.1 Nanowire Growth 

NWs and nanoribbons were synthesized using a stress-induced 

method29-31, a catalyst-free growth mechanism based on the 

mismatch of thermal expansion coefficients between a target 

film and substrate during a thermal annealing process. The 
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thermally induced stress stimulated mass flow along the grain 

boundaries to form NWs or nanoribbons. The BSTS thin film 

was deposited using the pulsed laser deposition (PLD) method 

with 140 mJ at a frequency of 10 Hz. The BSTS bulk for the 

PLD target was grown using the Bridgman method with mixed 

Bi, Sb, Te, and Se powder 5N (99.999%) at a molar ratio of 

1.5:0.5:1.7:1.3 in sealed evacuated quartz tubes. The sample 

was heated to 800 °C for 48 h, followed by cooling slowly to 

500 °C and then annealed at that temperature for 96 h. 

 Fig. 1a shows a scanning electron microscope (SEM) image 

of the as-grown NWs several tens of micrometers in length and 

with diameters ranging from 50 to 300 nm. Straight and 

uniform BSTS NWs with a high aspect ratio were formed. The 

high-resolution transmission electron microscopy (TEM) image 

and the selected area electron diffraction (SAED) pattern 

revealed that the BSTS NWs were high-quality single-

crystalline in a rhombohedral structure with the space group 

D5
3d (R  ̅m) grown along the [110] direction (Fig. 1b). The 

electron dispersion spectroscopy (EDS) line scan profile (Fig. 

1c) and elemental mapping images of the BSTS NW (Fig. 1d) 

indicated that the Bi, Sb, Te, and Se were uniformly distributed 

throughout the NW. Furthermore, the EDS point scanning of 

the NWs revealed that the atomic ratio of Bi/Sb/Te/Se was 1.5 

(0.3)0.36(0.2)1.63(0.3)1.01(0.02), which is 

approximately close to the nominal values of 1.5 0.5 1.7 and 

1.3, respectively. Fig. 2a shows an SEM image of the device for 

the Seebeck coefficient and resistivity measurements of a single 

NW. A line heater was placed on the right hand side of the NW 

to create temperature difference across it; the temperatures at 

two ends of the NW were monitored using two thermometers 

by the side. The resistance was measured by the four probe 

method. Fig. 2b shows a high-magnification SEM image of 

thermometer 1. 

 

2.2 Device fabrication 

The NW specimens were mechanically transferred to the SiO2 

(300 nm)/Si substrate with predefined marks. The electrical 

contacts were defined using electron-beam lithography and 

thermal evaporation of Ti/Au. 

 

2.3 Thermoelectric measurements 

Magnetotransport measurements were conducted using a quantum 

design physical property measurement system. The Seebeck 

coefficient of bulk material and NWs were measured using a 

conventional steady-state method in an Oxford cryostat. The bulk TE 

properties were also measured using commercial equipment ZEM-3 

(ULVAC-RIKO, Japan). The thermal conductivity κ of BSTS bulk 

material was calculated using the formula κ = D  Cp  d, where D is 

the thermal diffusivity, Cp is the specific heat, and d is the density of 

the sample. The term D was measured using a laser flash apparatus 

(NETZSCH, LFA 457). The NW thermal conductivity was measured 

using the 3 method.32,33 (See the ESI† for details of the 3 method.) 

3 Results and Discussion 

3.1 Temperature dependence of resistance 

According to the SEM image of the NW, the cross-section is 

approximately circular for NW1 with diameter d=180 nm (Fig. 2c) 

and ribbon-like for NW2 with width w= 110 nm thickness t=375 nm 

(See the ESI†), which is approximately equivalent to a diameter 

d=230 nm nanowire having the same cross section area. The 

temperature dependence of resistivity for the BSTS NWs is shown in 

Fig. 3a.  The transport behavior of NW1 and NW2 revealed 

semiconductor- like behavior at less than 300 K, indicating 

insulating behavior, but it saturated and further decreased as the 

 

Fig.1 (a) A SEM image of the as-grown NWs. The inset shows a side 
view of the as-grown NWs. (b) High-resolution TEM image of the 
BSTS NW showing a clear crystalline structure. The SAED pattern 
(top left) shows the sharp diffraction spots, indicating that the high-
quality single-crystal BSTS NW grew in the [110] direction. (c) The 
scanning TEM images of a BSTS NW. The line profiles show that the 
Bi, Sb, Se, and Te are homogeneously distributed throughout the 
NW. (d) The elemental mapping obtained from the EDS scan reveals 
that Bi, Sb, Se, and Te are uniformly distributed in the BSTS NW. 

 

Fig.2 (a) A SEM image of the device for Seebeck coefficient and 
electrical conductivity measurements. (b) High magnification SEM 
image of thermometer 1. (c) Cross-section SEM image of the dashed 
line area of Fig. 2(a). 

temperature decreased to less than 50 K, revealing an additional 

conduction channel (inset of Fig. 3a).27 From the fitting of resistance 

to a 3D variable-range hopping model (3D VRH) with R is 

approximately~  (    )
    

, and a significant deviation occurred at 

less than 150 K and 120 K for NW1 and NW2, respectively, 

indicating the existence of a parallel metallic conduction of surface 

states (inset in Fig. 3b).23 In addition, the total sheet conductance G 

of TI with thickness t can be formulated as G = Gs + bt, where Gs 

is the surface sheet conductance and b is the bulk conductivity.  For 

quantitative calculation the equivalent thickness t~180 nm for NW1 

and t=375 nm for NW2 were used. 
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Fig. 3 (a) The temperature dependence of logarithmic resistivity for BSTS specimens of NW1 (180 nm in diameter), NW2 (230 nm in 
diameter), and the bulk material (thickness of 140 μm). The inset is the resistivity in the linear scale plot for NW1 and NW2. (b) 
Temperature dependence of the normalized resistance. The inset shows the fitting of the 3D variable-range hopping model. (c) 

Temperature dependence of the Seebeck coefficient. (d) Temperature dependence of TE PF. 

At 2 K, Gs = 2.5  10-4-1, b = 7.52 -1cm-1, the surface dominated 

transport (approximately 94%) approach in BSTS NW1, in which 

the resistivity decreased by a factor of 80 compared with its bulk. At 

300 K, the Gs and b of NW1 and bulk specimen were Gs 

= 24.9  10-4-1, b = 114.03 -1cm-1 and Gs = 10.95  10-4-1, b 

= 25.49 -1cm-1, respectively. The resistivity of NW1 was 10 times 

lower than its bulk (Fig. 3a)22–24 because of nearly 50% surface 

contribution and the bulk conduction contributed from thermally 

excited carriers. Remarkably, the stress-induced NW growth method 

improved the TI surface property and the crystal quality (less 

disorder); thus, the thermally activated charge carriers provided bulk 

conduction at room temperature.  

 3.2 Thermoelectric properties 

Heavy elements produce strong spin orbital coupling in TI and 

produce a low phonon thermal conductivity in TE material. In 

addition, a small band gap in TE material typically produces a large 

TE PF, providing an opportunity to modify the band structure of TI; 

thus, an intrinsic TI material might be a satisfactory TE material and 

vice versa. The magnitude and temperature dependence of the 

Seebeck coefficient of NWs was similar to the BSTS bulk material, 

which monotonically increased as the temperature increased from 40 

to 300 K and achieved the bulk value at room temperature (Fig. 3c). 

The Seebeck coefficient of TI can be formulated using the 

Boltzmann transport equation6: 

    ∫   
 

  

(
  ( )

  
)∑( ) 

     ∫   
 

  

(
  ( )

  
)∑( )(    ) 

where  is electrical conductivity and S is the Seebeck coefficient. 

The term  ∑( )   ( ) ( )  ( )
  is the conductivity density, and 

 ( ) is the Fermi-Dirac distribution function. The ambipolar field 

effect in TI was comprehensively studied; it yields a sign change in 

the Hall coefficient and a resistance maximum as the Fermi level 

crosses the charge neutral point of the symmetry protected surface 

state. In addition to the Hall coefficient, the Seebeck coefficient 

changing sign as the Fermi level crosses the Dirac point has recently 

been demonstrated in a Bi2Se3 nanoflake.11 In addition, the 

theoretical flat-band model13 indicated that the Seebeck coefficient 

achieved a maximal value around the band edges. The high Seebeck 

coefficient observed in this study indicated that the Fermi levels of 

the two NWs were near the conduction band minimum, which is 

consistent with the Shubnikov–de Haas (SdH) oscillation analysis, 

which is discussed later. Consequently, a TE PF enhanced by a 

factor of 10 in quasi-1D geometry at room temperature was obtained 

(Fig. 3d). Table 1 shows the comparison of TE parameters for NWs 

and BSTS bulk material. 
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Table1 Summary of TE parameters for BSTS NWs and bulk material, 

measured at 300 K.  

BSTS 
Diameter 

(nm) 

S  

(μV/K ) 

ρ  

(μΩ-m ) 

PF  

(10-4 W/m-K2) 

κ  

(W/m-K) 

ZT 

NW 1 180 -259 41.9 16.11 1.33* 0.36 

NW 2 230 -228 55.4 9.38 1.33* 0.21 

Bulk  -235.8 399.5 1.33 1.4 0.028 

*The value is the average of κ = 1.4 and 1.25 W/m-K for NW4, NW5, 

respectively (see the ESI†). 

3.3 Magnetotransport properties 

To understand the nature of surface properties comprehensively, we 

performed magnetotransport measurements on the NW1 and NW2 

specimens. As shown in Fig. 4a, a weak anti-localization (WAL) 

effect was obtained in the lower field region; the sharp cusps of 

magnetoresistance (MR) at low temperatures is a signature of the 

nontrivial Dirac surface state. The WAL in TI is a quantum 

correction of classical conductance. The spin-momentum locking 

mechanism in TI resulted from strong spin orbital coupling in which 

the surface charge carriers acquired a  Berry phase and propagated 

along the edge or on the surface without backscattering because of 

the destructive interference of time reversed paths. 

The high surface-to-volume ratio in the low-dimensional NWs, 

in which the bulk carriers were suppressed and produced pronounced 

SdH oscillations, were revealed in the MR. Fig. 4b shows the 

temperature dependence of resistance of NW1 after a smooth 

background subtraction. The SdH oscillations of NW1 and NW2 

show a period of (1/B) = 0.0117T-1 and (1/B) = 0.02683T-1, 

respectively, yielding corresponding Fermi surface cross-section 

areas of AF = 8.1  1017m-2 and AF = 3.55  1017m-2 according to the 

Onsager relation. This corresponds to the Fermi wave number kF 

= 0.0507 Å -1 and 0.0336 Å -1 and a surface carrier density n2D of 

2.05         1012cm-2 and 0.89    1012cm-2 for NW1 and NW2, 

respectively. Fig. 4c shows the Landau level fan diagram plot of 1/B 

versus n for the two NWs. The  Berry phase of the nontrivial 

topological surface yields the physical origin of SdH oscillations 

within the intercept of 0.5 in the n axis. The linear fit of the data 

yields the intercepts of n = 0.42 ± 0.12 for NW1 and 0.43 ± 0.12 for 

NW2, which are near the ideal Dirac fermions of 0.5. Applying 

Lifshitz-Kosevich (LK) theory to the SdH amplitudes for NW1 and 

NW2 with mass mc = 0.075 me.
21 The Dingle analysis revealed the 

scattering time of  = 6.9  10-14s, which yielded the surface 

mobility μs = 1616.4 cm2V-1s-1 and the mean free path   = 54 nm for 

NW1. For NW2,  = 8  10-14 s, μs = 1875 cm2V-1s-1, and   = 41 nm. 

The mean free path obtained in this study is similar to that reported 

in a previous study.22 Together with mc and the obtained value kF of 

NWs, a Fermi level of 262 meV and 115 meV higher than the Dirac 

point (Fig. 4d) and the Fermi velocity vF = 7.84 × 105 m/s and vF = 

5.19 × 105 m/s for NW1 and NW2, respectively, were obtained. 

Thus, the high Fermi level positions of NWs are consistent with the 

results of the high Seebeck coefficient discussed previously.  

 
Fig. 4 (a) Transverse magnetoresistance of NW1 for various 

temperatures. (b) R is a function of 1/B. (c) The Landau level fan 
diagram plot. NF1 represents the BSTS nanoflake.

21
 (d) The 

schematic of the Fermi level positions for NW1 and NW2. 

For TIs, the linear part of MR (LMR) usually observed in high 

magnetic field has been claimed as a result of the surface state.28,34–37 

Fig. 4a indicates that the MR becomes more linear as the 

temperature decreases, which can be described using a quadratic 

equation MR = a H +b/2 H2 (in the temperature range of 50 to 130 

K). Recently, LMR was determined to be controlled by mobility and 

was independent of carrier density, which is complementary to the 

Hall effect.38 The LMR can help determine the mobility and carrier 

density of NWs.28 As shown in Fig. 5a, we plotted the conventional 

mobility (μMR) by the extraction of MR mobility39,40 and the linear 

mobility (μLMR) fitted from the slope dMR/dH as a function of 

temperature. The two sets of data coincided perfectly with each other, 

indicating identical power law dependence. The increase in the 

mobility of the two NWs as the temperature decreased indicated that 

phonon scattering dominated in the high temperature region instead 

of defect scattering. We further plotted the carrier density, as shown 

in Fig. 5b, according to the obtained value of mobility. Both the 

trend and magnitude observed in the temperature dependence of 

carrier density and mobility agreed favorably with those of its 

nanoflake (see the ESI†). The lower carrier concentration further 

supported the high PF obtained in this study.  

 
Fig. 5 (a) Extraction of MR mobility and linear part (LMR) of MR of 
the NWs. (b) The temperature dependence of carrier concentration. 

The TE transport properties of TIs are the combination of 

surface and bulk components. We quantitatively analyzed the data of 

NWs from a bulk viewpoint. The mobility of the NWs was similar to 

that of the bulk material (100 cm2/V s) at 300 K; however, the carrier 

density of the NWs (14  1018 cm-3) was 10 times higher without 

degrading Seebeck coefficient and mobility, which should be 

degraded by increasing carrier density by using the Mott relation,7 
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This result is attributed to the high density of state and its derivative 

as the Fermi level near the bulk conduction band edge. 

 

4 Conclusions 

In summary, we synthesized high-quality single-crystalline TI BSTS 

NWs by using a stress-induced method. There is no need to have 

thin films to open the gap as proposed.6 The presence of topological 

surface state was clearly indicated by magnetotransport 

measurements. The enhanced thermoelectric figure of merit was 

observed in the high crystal quality NWs, due to the surface 

dominated transport and high insulating bulk state in the nanowires. 

From the MR analysis, the high mobility and low carrier density 

obtained in the two NWs produced a consistently large TE PF. At 

room temperature, the two NWs exhibited an intrinsic bulk Seebeck 

coefficient; specifically, the gapless surface state and high Fermi 

level positions near the bottom of the conduction band were its 

physical origins. 

Additional studies investigating the thermal conductivity with 

distinct cross-sectional areas are required. The thermal conductivity 

has been shown to be substantially reduced in NWs.8,9 Thus, together 

with the reduction of  in NW and PF enhancement observed in this 

study, the novel properties of TI provide a promising direction to 

enhance TE ZT further. The high-insulating bulk state in the BSTS 

provides a foundation for TE property studies and facilitates the 

development of low-power-consumption spintronic devices and 

quantum computation applications. 
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