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Single-crystal Bi,Te; nanowires (NWs) and nanoribbons (NRs) were synthesized by a vapor-liquid-solid
(VLS) method from Bi,Te; powder. To investigate the thermal properties of the Bi,Te; nanostructure,

a nondestructive technique based on temperature dependent Raman mapping was carried out. The
Raman peaks were red shifted with increasing temperature. In addition, the fraction of the laser power
absorbed inside the Bi,Te; nanostructures was estimated by optical simulation and used to calculate
the thermal conductivity value (k). The thermal conductivity value obtained for the Bi,Te; NW and

NR was 1.47Wm~—K~*and 1.81Wm~—'K~ at 300K, respectively. The electrical conductivity of the

Bi, Te; nanostructure was also measured. In particular, an excellent electrical conductivity value of

1.22 *103Q~1cm~! was obtained for the Bi,Te; NW at 300 K. This result can be attributed to topological
insulator surface states. As a result of our study, the figure of merit (ZT) for the Bi,Te; NW and NR can be
significantly improved.

Thermoelectric (TE) devices have recently attracted a great deal of interest because of their potential applications
in energy harvesting, chip cooling and sensing. Thermoelectric (TE) power generation devices play an important
role in utilizing solar and geothermal power more efficiently, as well as in capturing automobile-derived heat via a
noise-free and low-maintenance conversion process'~. In order to use TE devices in such applications, attaining
a high efficiency is the most important issue. Therefore, many studies have been made in attempts to obtain a high
efficiency through the development of new materials and device modification*-.

Thermoelectric performance is typically evaluated by a dimensionless figure of merit (ZT), defined as
ZT = S?0T/k, where S is the Seebeck coefficient, o is electrical conductivity, T is absolute temperature, and k
is thermal conductivity®. To improve the figure of merit, the three factors, namely the simultaneous increase in
electrical conductivity, increasing thermoelectric power, and decreasing thermal conductivity need to be con-
trolled. In order to achieve a conversion efficiency by replacing the general cooling-generation technology a ZT
of 4 is needed. However, at present, ZT = 2 represents the practical limit for conventional structure and materials.
Therefore, recent studies have focused on reducing the dimensionality of typical materials into the nanoscale
range because both a higher density of states and an increased phonon scattering or reduced lattice thermal con-
ductivity can be achieved in low-dimensional structures®. Bi,Te; is a well-known material that can be used as a
semiconductor, given its low lattice thermal conductivity and, simultaneously, a quite high electrical conductivity.
Therefore, it has been actively studied in attempts to increase the ZT value through reducing the dimensions into
a nano structure.

In the measurement of thermal conductivity in nanostructures, the 3-omega method is generally used.
However, the sample is destroyed during the measurement, which makes device fabrication difficult!%-12,
Moreover, thermal contact resistance is a critical problem in terms of extracting the intrinsic thermal conduc-
tivity using nearly all of the steady-state heat flow methods. Therefore, noncontact approaches using optical
spectroscopy have been introduced to measure the thermal conductivity of individual semiconductor nanowires
(NW)B-15, nanotubes'®, any layered structures such as MoS,'” and graphene'®. This method is based on the heat
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Figure 1. SEM images of as-grown Bi,Te; nanostructures as growth temperature of (a) 275 °C, (b) 280°C, (c)
285°C and (d) 290 °C. SEM images (e) of Bi,Te; NR and (f) of Bi,Te; NW synthesized by a VLS method using
Au as a catalyst at a gas flow rate of 50:10 sccm (Ar : H,).

flow caused by the laser heating of freely suspended nanostructures for the determination of the local temperature
by micro-Raman spectroscopy'>!5.

Recently, as a typical one-dimensional (1D) nanostructure material, Bismuth telluride (Bi,Te;) NWs and
nanoribbon (NR) that have potential applications in electronic, thermoelectric, and topological insulator devices
have gained the spotlight®. In particular, Bi,Te; based alloys are known to be excellent thermoelectric materials
at room temperature. The most frequently used method for synthesizing Bi, Te; is template-assisted electrodep-
osition. However, such solution-based chemical methods intrinsically have a contamination issue**>. On the
other hand, high quality bismuth telluride nanostructures can be synthesized using the vapor-liquid-solid (VLS)
method. Although the growth of bismuth telluride nanorods and nanobelts by the VLS method has been reported
by Wang et al.” and Wei et al.?*, single-crystalline nano structures prepared using the VLS method have not yet
been reported?. The single crystalline growth of bismuth telluride NW's by the VLS method using an additional
post-annealing process in a Te atmosphere has been reported by Bacel Hamdou®. Unfortunately, the synthesis of
a single-crystalline Bi,Te; NW using the VLS method without an additional annealing process has not been
reported yet. In this work, we attempted to determine the growth window needed for preparing single-crystalline
NW using VLS. We carried out the one-step epitaxial growth of bismuth telluride nanostructures using a Au
catalytic VLS method. Finally, we were able to determine the growth window needed for preparing Bi,Te; nano
structures with the shape of NWs and NRs within very narrow process temperature parameters without the need
for any additional processing®. In addition, we successfully measured the thermal conductivity x of a, individual
single crystal Bi,Te; NW and NR using an optical method based on laser heating. To apply the optical method to
the measurement for the thermal properties of Bi,Te; nanostructures, Raman spectra of Bi,Te; nanostructures at
various temperatures were collected. Using the temperature-dependent Raman spectra, we were able to success-
fully extract the thermal conduction parameters. The obtained thermal conductivity value of Bi,Te; NW and NR
was 1.47Wm 'K~ ! and 1.81 Wm 'K ! at 300K, respectively. Additionally, we determined that the average elec-
trical conductivity value of Bi,Te; NW and NR is increased up to 1.22 “10° 0 'em ' and as 0.67%10° Q0 'em L at
300K, respectively. Although the thermal conductivity values of the Bi,Te; nanostructures were very similar to
previously reported values, the electrical conductivity values of the Bi,Te; nanostructures were significantly
increased, compared to the reported values. These results indicate that the control of electrical conductivity rather
than thermal conductivity needs to be carefully considered in the design of various devices such as nanostruc-
tures based electronics, optics, sensor, and thermoelectronics in which Bi,Te; nano structures are used?”.

Results and Discussion

Figure 1(a)~(d) show SEM images of as-grown Bi,Te; nanostructures for growth temperatures ranging from 275
to 290 °C with a temperature increment of 5.0 °C. In the growth temperature region from 275 to 290 °C, clusters
of the Bi-Te alloy were commonly observed as shown, in Fig. 1(a)~(d). At a relatively low growth temperature of
275°C, the cluster corresponding to a pre-step for nanostructure growth is generated. However, at the relatively
high growth temperature of 290 °C, clusters which are close to the film shape are generated, with a few nanostruc-
tures being observed. Finally, the nano structure was grown within the very narrow temperature window between
280°C and 285 °C. High-magnitude images in Fig. 1(e,f) show that the shape of the nanostructure is different and
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Figure 2. TEM images (a) and (b) of Bi,Te; NWs and (e) and (f) of Bi,Te; NRs show a defect-free crystal
structure. Inset of (b,f) shows the corresponding SAED pattern of the Bi,Te; NWs and NRs with axis along
[110]. EDX results of (c,d) the Bi,Te; NWs and (g,h) Bi, Te; NRs grown under different growth temperature. Bi,
Te elements are uniformly distributed over the whole nanostructures. In the EDX results, the red shows Bi and
the green shows Te.

can be distinguished between the growth windows of 280°C and 285 °C: i.e., Bi,Te; NRs and NWs were grown
only at 280 and 285 °C, respectively. An examination of the TEM showed that the synthesized NW, has a square
shape, and that the diameters d of Bi,Te; nanowires are distributed between 50 nm and 90 nm (supporting Fig. 2a).
The width and thickness of the Bi,Te; NR which has rectangular shape is ~200 nm and ~80 nm, respectively (sup-
porting Fig. 2b). The length of Bi,Te; NW and NR is range from 4 pm to 13 pm (supporting Fig. 2c). These results
indicate that the growth condition used to prepare a Bi,Te; NW and NRs are very sensitive to minor temperature
changes. Although the one-step growth of Bi,Te; NWs and NRs with a single crystalline structure has not been
easily accomplished, we have successfully grown Bi,Te; nanostructures within a very narrow temperature range.

In order to investigate the crystalline structure and stoichiometry of the grown nano structures, we collected
TEM and EDX data, respectively, as shown in Fig. 2 (a-h). The 2:3 ratio of Bi and Te atoms in the NWs and NRs
was confirmed by EDX. TEM analyses show that the Bi,Te; nanostructures exhibit a rhombohedral crystal struc-
ture represented by a distorted structure of the simple cubic crystal. All of the Bi,Te; nanostructures were grown
as single crystalline materials with a growth direction of [011]. HR-TEM images show clear lattice fringes from a
0.22 nm spacing on the (011) lattice planes of the rhombohedral Bi, Te; structure, which is consistent with previ-
ously reported findings for Bi,Te; nanostructures.

To investigate the thermal properties of the Bi, Te; nanostructures, we collected Raman spectra at various tem-
peratures using Linkam stages which permit the temperature to be controlled. Figure 3(a,b) show Raman spectra
of the Bi,Te; NW and NR, respectively, increasing temperature from 25 to 170 °C. As seen in the Fig. 3(a,b), three
prominent peaks are observed, which correspond to E,,, A}, and A;, modes. All of the Raman active modes in
the bulk structure also appear in the nano structure. However, some of the Raman active modes in the nano
structure are not observed in the bulk structure because of the reduction or the breaking of the symmetry in the
nanowire: i.e., the A}, mode for Bi, Te; shows up only in low dimensional structures as the result of the breaking of
the symmetry of Bi, Te,?. That is, typical Raman activity modes controlled by selection rules reflect the difference
in the structural symmetry between the nano structure and the bulk. In addition, a blue shift occurred in the
Raman frequency as the dimension decreased, because the vibrational properties change with a decrease in the
dimensions of the materials?®. That is, a volume contraction occurs in the nanostructure due to the size-induced
radial pressure, which leads to an increase in the force constants. In vibrational transitions, the wavenumber
varies approximately in proportion to the force constant (k)'/2. Consequently, the Raman shift towards a higher
wavenumber due to the increasing force constants. For this reason, the Raman peaks of Bi,Te; NWs are observed
at higher frequencies than those of Bi,Te; NRs in this study. As the temperature increases, because Raman peak
position and full width at half maximum (FWHM) are governed by phonon anharmonicity, all of Raman modes
soften linearly and clearly broaden. In the nanostructures, the change in the Raman peak position can be more
reliably detectable than that of FWHM, because the FWHM is very sensitive to changes in beam focus and the
position of the laser spot. Therefore, in this study, we considered only temperature dependence of the peak posi-
tion. In addition, because the direction of heat transfer in the nanostructures is in the growth direction, we espe-
cially focused on the A,, peak shift.

Figure 3(c) shows a plot of Raman peak shift versus temperature for the Bi,Te; NW. As the temperature
increases, the change in the A;, peak clearly shows a linear shift and becomes broadened. In the case of Bi,Te;
NW, the A,, peak that appeared at 156.3cm ™! is shifted to 154.2cm ™" with a temperature change from 25°C to

|6:19132| DOI: 10.1038/srep19132



www.nature.com/scientificreports/

A
(a) E2 Alul b E lu:
M " j/\\&i_w 25°C
1 0 : + -
= A\ 0 = ! ‘
£ 4 [ I N _T0%C
< A < i g
: AN 100°C : “/\/\“:\ 100°C
= e e B Vi
e | A mec|  § M
E .' 150°C E ' J 150°C
i | 170°C
! 170°C s
100 150 200 250 300 350 400 100 150 200 250 300 350 400
Raman Shift (cm™) Raman Shift (cm™)
© 5 D,
156 \.\L\ 146
b= =
& 155 . % 145
g g
= =
< L] o]
154 &~ 44
30 60 90 120 150 180 30 60 90 120 150 180
Temperature("C) Temperature("C)

Figure 3. Temperature-dependent Raman spectra for Bi,Te; (a) NWs and (b) NRs. Raman frequencies of A;,
modes in Bi,Te; (c) nanowire and (d) nanoribbon as temperature increased.

170°C. As a result, the peak is shifted in proportion to the temperature and the slope of the fitting line is the tem-
perature dependence coefficient, as shown in Fig. 3(c). The measured slopes from the linear fitting of the phonon
shift for Bi,Te; NWs and NRs are almost the same: i.e., the fitting values are —0.01281 £ 0.00197 cm~'/°C for
NWs and —0.0158 + 0.00106 cm™'/°C for NRs. The change in phonon frequency with temperature results from
the anharmonic terms in the lattice potential energy determined by the anharmonic potential constants, the pho-
non occupation number, and the thermal expansion of the crystal®. Since the anharmonic term in Lagrangian
for the lattice vibrating could cause the Raman shift to have a first-order (T) and second-order (T?) relation with
temperature, the temperature dependence of Raman frequency is given by

W(T) = wy + T + a,T? (1)

where wy is the harmonic frequency of the Raman mode, o, and o, are the first- and second-order temperature
coefficients, respectively. The temperature dependence of the Raman shift can be written as a result of two addi-
tional effects: one being the “self-energy” shift caused by the anharmonic coupling of the phonon modes and the
other is the thermal expansion of the crystal. Therefore, the Raman shift is given by

w(T) = wo + Ap(T) + Ap(T), (2)

where w), is the harmonic frequency of the optical mode, A (T) is the Raman frequency shift caused by thermal
expansion, Ap (T) is the Raman frequency shift caused by anharmonic phonon-phonon coupling. w, + A, (T)is
equal to the frequency of Raman mode at T = 0K. The observed linear relationship for a Raman peak shift as a
function of temperature in the Bi,Te; NW and NR is caused by the anharmonic vibrations of the lattice, which
mainly includes contributions from the thermal expansion of the lattice due to the anharmonicity of the intera-
tomic potential®®. As the lattice expands with increasing temperature, the equilibrium positions of the atoms and
the interatomic forces change. As a result, a shift in phonon energy occurs. At temperatures above room temper-
ature, since thermal expansion mainly influences the Raman peak shift, the relationship between the Raman peak
shift with increasing temperature is typically linear. Therefore, the equation for a temperature-dependent Raman
peak shift can be expressed by Aw = o AT, where a, the slope of the temperature dependence, is the first-order
temperature coefficient for the Raman mode, and T is the temperature. That is, a temperature-dependent Raman
study as the noncontact method to monitor the local temperature can provide information on the thermal con-
duction of the nanostructure.
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Figure 4. SEM image suspended (a) Bi,Te; NW on the two pads. (b) Sketch of suspended Bi,Te; nanostructure
on Ti line array with 10 pm width and 150 nm height.
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Figure 5. Raman measurement on a single (a) Bi,Te; NW and (b) NR. Example of parabolic A;, mode profiles
obtained for homogeneous nanostructures. Symbols indicate experimental data points. (¢) The rhombohedral
conventional unit cell of Bi,Te;. 2-D FDTD simulation results of the Bi,Te; (d) NW and (e) NR for no substrate
configurations, respectively. The estimated value of laser power absorbed in NW and NR is 1.792# 10~7 Wand
1.8186+ 107¢ W, respectively.

To separate substrate effects from the Raman characteristics, we measured the Raman A, mode of suspended
Bi,Te; nanostructures. Figure 4(a) shows Bi,Te; NW suspended on linear type electrodes. A schematic diagram
of Raman measurement is shown in Fig. 4(b). Since there is a thermal heat sink when the nanostructure is sus-
pended in Ti metal, a downshift in the Raman spectra is observed in the center of the suspended nanostructure,
compared to the corresponding value for the ends. The heat in the nanostructure generated by a laser flows into
both directions in the metal pads. In Fig. 5(a), an example of Raman spectra obtained during a scan along a NW
length direction clearly shows a position-dependent shift in the A,, peak. Using the A, peak shift between two
points from the near pad to the mid-point of the suspended NW, maximum temperature difference (AT,,,,) of
305.65K could be obtained in the NW. In the case of NR, the position-dependent shift of the A,, peak could be
also measured using a method to that used in the case of the NW;, as shown in Fig. 5 (b). Finally, AT, ,, of 220.54K
could be calculated in NR .

We used a simple model to describe the temperature profile on the suspended part of the nanostructure that
was developed by Hsu ef al.!
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Figure 6. Theoretically calculated phonon and Griineisen dispersions. (a) Phonon dispersion in the acoustic
mode. (b) The acoustic mode Griineisen parameters. The Griineisen parameter at the I'-A Brillouin zone
direction is very high. High Griineisen parameter value indicates the strong anharmonicity and this leads to low
thermal conductivity.

with P, the power absorbed inside the nanostructure, L the length of the suspended part, A the cross section
area, and B, the curvature. Finally, we used AT, . values to obtain the thermal conductivity = —a:

4AAT,
Where the P, is estimated using the optical constant n (refractive index) and k (extinction coefﬁ"éa{ent) for
Bi, Te; at 633 nm, obtained through FDTD simulations. The n (6.96) and k (5.61) values in a rhombohedral Bi,Te;
single crystal were obtained using the DFT method. (Supporting Fig.3) Using the morphological data for Bi,Te;
NW and NR measured by AFM (Supporting Fig.2), the absorption of the laser light by the nanostructure could
be obtained, as shown in Fig. 5(c,d) for the 2-D FDTD simulation results of Bi,Te; NW and NR, respectively. As
a result, the powers absorbed inside NW and NR are 6.45281 % 10~ W and 1.8186 » 10~° W, respectively.

Using these values, thermal conductivity of Bi,Te; NW and NR at room temperature could be obtained: i.e.,
1.47W/mK for NW and 1.81 W/mK for NR (minimum thermal conductivity of the measured data; r ;;,=1.43 W/
mK, kyp=1.79 W/mK). These thermal conductivity values are similar to data obtained using the 3-omega
method?2. Moreover, comparing the two values for the NW and NR samples, the dependence of morphology on
thermal conductivity can be also observed: i.e., the thermal conductivity value of Bi,Te; NW is less than the value
of NR. Simply, concerning the morphological characteristics, the difference is caused by the surface-to-volume
ratio because the surface-to-volume ratio of NR is smaller than that of NW. In a nanostructure, since the phonon
scattering process mainly occurs at the surfaces and interfaces, the thermal conductivity generally decreases with
increasing surface-to-volume ratio®.

In order to investigate the difference in thermal conductivity between NR and NW in detail, we checked the
anharmonicity in NW and NR samples with a highly ordered crystalline structure. It is known that strong anhar-
monicity in bonding can be generated, which decreases lattice thermal conductivity in ordered crystal structures.
In order to find the difference in the lattice anharmonicity for the estimation of thermal conductivity between
Bi,Te; NW and NR, we calculated phonon dispersions and Griineisen parameters using first-principles den-
sity functional theory (DFT) phonon calculations within a quasi-harmonic approximation. Phonon dispersion
was calculated with a hexagonal 2 x 2 x 1 supercell the geometry of which was an optimized Bi,Te; unit cell.
For the phonon calculation, we used a 500 eV cut-off energy and a 5 x 5 x 1 k-point. All k-point spacings were
chosen to be less than 0.25 1/Ang. Figure 6(a) shows the calculated phonon dispersion in Bi,Te;. We calculated
the Griineisen parameters from the definition v = —dlnw/dInV, where w and V are the phonon frequency and
the crystal volume, respectively. To obtain the acoustic mode Griineisen parameter, we used additional phonon
frequencies for two different crystal volumes: a crystal volume at equilibrium and a volume that was increased
by 1%. The Griineisen parameters at the I'-K and I'-H Brillouin zone direction are considerably lower than the
I'-A Brillouin zone direction, as shown in Fig. 6(b). Consequently, the NWs are mostly influenced by the I'-A
Brillouin zone direction in the z-axis, while the NRs are not influenced by the I'-A Brillouin zone direction but,
rather, by the I"-K and I"-H Brillouin zone direction. The soft mode of the I'- A Brillouin zone direction along the
z-axis suggests weak interatomic bonding and possible strong anharmonicity. A high Griineisen parameter value
indicates strong anharmonicity, resulting in a low thermal conductivity. For this reason, the thermal conductivity
value of Bi,Te; NW is lower than that of NR. That is, the Griineisen parameters well characterize the relationship
between phonon frequency and changes in crystal volume.

Figure 7 shows the electrical properties of Bi, Te; single crystal nanostructures measured in room temperature.
The electrical contacts between the Bi, Te; nanostructure and electrodes are ohmic. Using the measured resistance
values for NW and NR, a significantly increased electrical conductivity of the our Bi,Te, single crystal NW,
1.525%10°Q~!cm™!, was obtained at room temperature (average electrical conductivity of the measured data
1.22%10° Q™' cm™"), which is a considerably higher than that of the on-film formation of nanowires
(o =0.86*10° Q"' cm~1)*, bulk material (o, = 0.9%10° Q"' cm~')*3¢ and the thin film

nanowire
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Figure 7. I-V characteristics for a (a) Bi,Te; NW and (b) NR. The resistance of NW 3.13k{2 and NR is 1.82 k2.
The electrical conductivity of NW 1.525%10*Q~!cm ™ and NR is 0.86# 10° Q! cm . (c) The electrical
conductivity of Bi,Te; NW and NR. The value of Bi,Te; NW is higher than NR over the double. (d) The
resistivity of Bi,Te; NW and NR. The resistivity of the Bi,Te; single crystal NW is significantly decreased to
6.32 uS) - m. The resistivity of NW was lower than the NR because of a high surface to volume ratio.

(0 g = 0.17%10° Q7' cm™")*". The electrical conductivity of our Bi, Te; single crystal NR was also increased to
0.86 * 10° Q! cm~'at room temperature (average electrical conductivity of the measured
data=0.67*10° Q"' cm™'), which is lower than that of our NW but notably higher than that of the thin film. The
difference in electrical conductivity between NW and NR is the result of a dimensional effect: i.e., the dimension
of NW is less than that of NR. Considering the difference in the cross-sectional area between NW and NR, the
difference is not consistent with the difference in electrical conductivity. Comparing the crystalline structure with
the reported, the above experimental results showing a high electrical conductivity are caused by the highly
ordered crystalline structure of the Bi,Te; NWs and NRs grown using VLS method. The highly ordered structure
can generate a specific surface effect®®. At surfaces crystalline solids, the physical properties differ from the bulk
ones. The physical properties of crystalline surfaces are different from those for bulk surfaces. Due to the lack of
bonding neighbor atoms at the surface, the degeneration of the energy at the surface is different from that for a
bulk structure. Naturally, from the surface band structure, a surface density of states is induced. Depending on the
relative position of the surface states with respect to the bulk band structure, charges need to be transferred from
the bulk to the surface states or vice versa®*-*!. For a well-known narrow band gap semiconductor such as Bi,Te,
(~0.15eV), there are surface states at an energetic position above the conduction band edge, which leads to a
charge transfer from the surface state into the bulk*"*2. Thus, an electron layer accumulates at the surface region,
leading to significantly increased electrical conductivity of the Bi,Te; nanowire. In particular, the surface state of
the NW is more enhanced than that of NR because the NW has a higher surface-to-volume ratio than that of the
NR. In our study, the resistivity of the Bi,Te; single crystal NW was found to be significantly decreased to
6.32 u) - m. The repeated and consistent results indicate that the measured value reflects the intrinsic character-
istics of the well-ordered single crystalline NW. The different behavior of NW in terms of thermal and electrical
conduction strongly suggests that Bi,Te; NW promises to be a most efficient structure for use in thermoelectric
devices.

Conclusions

In conclusion, we report herein on the one step VLS growth of Bi,Te; nanostructures and the calcula-
tion of its thermal conductivity using Raman spectroscopy for the first time. Through this growth method,
single-crystal, defect-free, and rhombohedral crystal structure Bi,Te; NWs and NRs were synthesized. Using
temperature-dependent A, peak shifts in Raman spectra of suspended Bi, Te; nanostructures, the thermal con-
ductivity could be successfully determined. Moreover, we demonstrated the power absorbed in the single crystal
Bi, Te; nanostructures using FDTD simulation. From these results, the evaluated thermal conductivity of Bi,Te;
NW and NR is 1.47 W/mK and 1.81 W/mK at room temperature, respectively. Through the change in Griineisen
parameters with the surface-to-volume ratio, we were able to determine that the difference in thermal conduc-
tivity between NW and NR is caused by the strong anharmonicity. That is, since the scattering of phonons is
significantly increased at surfaces and interfaces, the anharmonicity in NW is enhanced, compared to that in
NR. Therefore, the thermal conductivity of Bi,Te; NW's is lower than Bi,Te; NRs. In particular, in a well-ordered
single crystalline NW, the electrical conductivity is greatly enhanced, while the thermal conductivity obtained by
an optical method is close to the reported value measured by a three-omega method. The measured resistivity
value indicates that electrical conduction mainly occurs on the surface, not in the bulk. This result is related to
the surface charge density of nanowires. Finally, based on our experimental results, a high thermoelectric figure
of merit can be obtained in the case of single crystal Bi,Te; nanostructures. The accumulated surface charges can
be critical in terms of enhancing the electrical conductivity of a system, suggesting the possibility for their appli-
cations in thermoelectric devices.
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Methods

Experiment. Bi,Te; NWs and NRs were synthesized by the VLS method in a 12 in. horizontal tube furnace
equipped with a 1 in. diameter quartz tube. Based on the melting temperatures of Bi,Te; powder and the tem-
perature profile of the tube furnace, the location of the precursors was adjusted appropriately to optimize the
synthesis of the Bi,Te; nanostructures. Bi,Te; powder was placed at the center of the upstream zone (570°C). A
3-nm thick Au film (as a catalyst) was deposited on a cleaned Si (001) substrate in a metal growth chamber at a
growth pressure of ~3 x 1077 torr by thermal evaporation. A Si substrate covered with Au films was placed in the
downstream zone of the furnace. Before we raise the temperature, the quartz tube was evacuated to below 2.4 Torr
and flushed repeatedly with Ar/H, (50/10 sccm) gas to minimize oxygen contamination. For the growth of Bi,Te,
NW and NR, we controlled the temperature of the downstream zone in furnace from 275 to 290 °C. We found
the optimized temperature conditions for preparing NWs and NRs to be: 285 °C for NWs and 280 °C for NRs.
The heating rate was controlled to 20 °C/min and the growth time for the nano structures was set to 10 hr. The
morphological characteristics and crystalline structures of the Bi,Te; NWs and NRs were analyzed by scanning
electron microscopy (SEM) and high-resolution transmission electron microscopy (HR-TEM). Energy dispersive
X-ray (EDX) analysis verified the chemical composition of the Bi, Te; nanostructures. To investigate the thermal
properties of the Bi,Te; nanostructures, temperature dependence of Raman spectra of the nanostructures were
obtained by Raman spectroscopy (Nanofinder 30, Tokyo instrument). Raman spectra at various temperatures
were measured using Linkam stages which permit the temperature to be controlled. The applied laser light had
a wavelength of 633 nm and the acquisition time of each Raman spectrum was 20s. In order to determine the
optimized laser conditions, we investigated the Raman characteristics for structural stability with irradiated laser
power. The optimized laser power was 0.07 mW and the diameter of the laser beam was ~1 pm, which is a very
stable condition in which there is no structural deformation in the Raman spectra (supporting Fig. 1). The NWs
and NRs were mechanically transferred from a silicon substrate containing large arrays of lined Ti pads of 10 pm
width. The pads were 150 nm high and were fabricated by e-beam evaporation after a standard photolithography
step. For the measurements, we selected NWs and NRs which are freely suspended between two pads at a length
of 11~13 pm. The samples were positioned on a piezo stage to scan along the NW and NR with a step size of 1 pm.
The polarization of the excitation light was set parallel to the NW and NR axis in order to maximize absorption
and thus heating effects as well as the Raman scattering intensity. The power absorbed inside the nanostructure
was estimated using the optical constant n (refractive index) and k (extinction coefficient) for Bi,Te; at 633 nm,
obtained by FDTD calculations. To find the values for n and k for Bi, Te;, we used first-principles density func-
tional theory (DFT) phonon calculations within the quasi-harmonic approximation. We performed ab initio
calculations using the Vienna ab initio simulation package (VASP)?® with the generalized gradient approxima-
tion (GGA) using the PBEsol approximation”’. MEDEA Software was used as GUI. In all calculations, Projected
Augmented Wave (PAW) peudopotentials were employed with a plane wave basis set with a cutoff of 500eV and a
convergence of 1IE~%eV. In all geometric estimations, the forces on each atom were relaxed to less than 0.02 eV/A.
The initial unit cell of Bi,Te; rhombohedral cell was geometrically optimized with a 7 x 7 x 7 k-point. Phonon
dispersion calculated with a hexagonal 2 x 2 x 1 supercell of geometry optimized the Bi,Te; unit cell. The lattice
parameters (a and c for the Bi,Te;) obtained here are in reasonable agreement with available experimental data.
To study the electrical properties of the Bi,Te; nanostructures, the nanostructures were transferred by a drop-
casting method to a p-type Si substrate with a 50 nm SiO, insulating surface layer. Scanning electron microscopy
(SEM) observations were conducted at low magnification to record the position of the nanowires. The samples
were spin coated with an electron beam sensitive resist and then baked at 180°C. After this process, the sample
was exposed to an electron beam and soaked in a developer in order to create the desired pattern. The chip was
next covered with Ti (20 nm) using a DC sputtering technique, respectively. Finally, a lift-off process was used to
remove undesirable Ti.
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