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Abstract 

Antimony Selenide (Sb2Se3) is a material widely used in photodetectors and relatively new as 
possible material for thermoelectric applications. Taking advantage of the new properties 
after nanoscale fabrication, this material shows great potential for the development of 
efficient low temperature thermoelectric devices. Here we study the synthesis, the crystal 
properties and the thermal and thermoelectric transport response of Sb2Se3 hexagonal 
nanotubes (HNT) in the temperature range between 120K and 370K. HNT have a moderate 
electrical conductivity ~102Sm-1 while maintaining a reasonable Seebeck coefficient ~ 430 
μVK-1 at 370K. The electrical conductivity in Sb2Se3 HNT is about 5 orders of magnitude 
larger and its thermal conductivity one half of what is found in bulk. Moreover, the calculated 
figure of merit (ZT) at room temperature is the largest value reported in antimony selenide 1D 
structures.  
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1. Introduction 

Antimony Selenide Sb2Se3 is a semiconductor with a direct 
band gap around 1.0-1.2 eV and orthorhombic layered crystal 
structure. The electrical and optical properties of this material 
have attracted great attention in recent years for a variety of 
applications including switching,[1-3] photovoltaics,[4-9] ion 
batteries,[10] and thermoelectricity.[11-14] Sb2Se3 nanostructures 
have been grown in different ways: gas induced reduction, 
solvo- and hydro-thermal routes, chemical vapor deposition 
(CVD), pulsed laser deposition (PLD) and others.[4,5, 15-18] Its 
applicability in thermoelectricity starts with a high Seebeck 
coefficient (S) and relatively low thermal conductivity (). Its 
thermoelectric power factor however becomes reduced due to 
its low dark electrical conductivity (). 

In recent years, successful syntheses of Sb2Se3 1-D 
structures have been demonstrated using different synthesis 
approaches. Reports about 1-D Sb2Se3 nanostructures have 
emphasized on the synthesis,[15, 19-21] the photo-response,[5, 8, 9, 

16] or the electrochemical response.[10] In most cases, the 
preferential growth is along the [001] crystal direction (c-axis) 
but [010] growth has also been reported.[13,22] Nanowires 
(NWs) with relatively low dark electrical conductivity have 
been obtained[2,4,23,24] but with intentional doping, the 
electrical conductivity has been increased up to 10 orders of 
magnitude in NWs without a severe reduction in S.[25] At the 
same time, the growth of the material at the nanoscale 
increases the surface-to-volume ratio and may take advantage 
of the scattering of phonons at the surface boundaries to 
reduce the thermal conductivity, thus possibly bringing 
increasing energy conversion efficiency. Currently the 
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maximum measured energy conversion efficiency in 
thermoelectric materials is around 10% while calculations 
predict up to 30% in tin selenide nanotubes.[26] 

 
Multifaceted Sb2Se3 nanotube growth has been found in 

few cases. Using microwave activated solvothermal synthesis, 
sulfurized nanotubes with high electrical conductivity (3-4 
orders of magnitude) were synthesized giving a role to sulfur 
for the nanorod-to-nanotube conversion.[25] CVD synthesis 
has been less used for these nanostructures but recently, 
nanotubes with triangular cross sections have been grown 
using mica substrates.9 It was argued that the widely used 
solvo- and hydro-thermal routes involve organometallic 
sources and additional reductants and surfactants while CVD 
only involves pure Se and Sb precursors, thus reducing 
possible formation of defects, doping and surface adsorptions. 
The report assigns an important role to the mica substrate 
versus SiO2/Si substrate for the successful formation of the 
nanotubes. 

Here, Sb2Se3 hexagonal nanotubes (HNT) synthesized by 
CVD on SiO2/Si wafers covered with Au were successfully 
grown along the [010] crystal direction without any 
intentional dopant. As in previous works reporting nanotube 

growth, the diameters of the structures are larger than what is 
typically found for nanorods, but the thickness of the walls are 
below 60nm. The synthesis and characterization of this novel 

nanostructure is explained in detail and its electrical and 
thermoelectrical properties measured as a function of 
temperature between 100 and 400K by using specialized 
suspended micro-thermometer devices to simultaneously 
measure S, σ and κ in single HNTs with a four-points 
configuration as shown in figure S1 (Supplementary 
Information). The results confirm p-type electrical transport 
with a promisingly high electrical conductivity and Seebeck 
coefficient and reduced thermal conductivity. 

 

2. Experimental Results and Discussion 

Sb2Se3 HNT were synthesized by CVD technique via vapor 
liquid solid (VLS) process in a 12-in. horizontal furnace 
equipped with a 2 in diameter quartz tube. The synthesis was 
made at atmospheric pressure using a flow of high purity 100 
sccm Ar as the gas carrier and Sb (Alpha Aesar 99.998%) and 
Se (Alpha Aesar 99.998%) powders as precursors. The 
temperature was set to 550 °C in the precursor zone and many 
silicon substrates coatined with a 1-3 nm-thick Au film were 
placed 5 - 15 cm downstream from the hot zone. After 5 hours 
the system was cooled down naturally, keeping the Ar flow 

constant. Sb2Se3 HNTs grew vertically in large areas as shown 
in SEM images in figures 1(a,b). Figure 1(b) shows cross 
sectional areas of as-grown Sb2Se3 HNT where the hexagonal 

Figure 1: (a,b) SEM image of Sb2Se3 hexagonal nanotubes on the substrate. (c) Raman bands of as grown HNT. 
(d) XRD pattern of as grown material on the substrate.  XPS spectra for (e) Sb-3d band, (f) Se-3d band and (g) XPS 
survey on Si substrate. 
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shape is observed; a HNT with an elongated cross section 
approaching a more rectangular shape is also shown. 
Rectangular cross sections were reported in ref [25].  

 
The Raman spectrum is shown in figure 1(c) where 

deconvoluted peaks corresponding to Raman shifts of 251, 
210, 188 cm-1 related to the orthorhombic Sb2Se3 are 
confirmed. A peak at 235 cm-1 related to Trigonal Se is 
possibly formed on Si substrate during the HNT growth. The 
relatively high intensity of the 251 cm-1 peak compared with 
the peak at 188 cm-1 exposes the nanoscale nature of the 
sample, as explained by Farfan et al.[20, 22] The XRD pattern in 
figure 1(d) confirms that Sb2Se3 HNT has an orthorhombic 
crystal structure and shows all the indexed peaks of Sb2Se3 
(JCPDS 890821) with a = 11.401, b = 11.943 and c = 3.972 Å. 
These values were consistent with selected area electron 
diffraction (SAED) data and HR-TEM crystal planes patterns 
(figure 2(d)) of the measured Sb2Se3 HNT sample (650 nm in 
diameter). X-ray photoelectron spectroscopy (XPS) 
measurements were carried out to study the composition state 
of the as-grown samples. Figures 1(e) and 1(f) show bands 
corresponding to Sb 3d and Se 3d binding energies. No 
obvious contributions from other elements were observed in 
the survey scan figure 1(g). 

 
Two HNT with 650 and 350 nm in external diameter and 

approximated wall thicknesses between 50 and 60 nm were 
selected and removed directly from the substrate by 
micromanipulation and aligned onto the thermoelectric 
properties measuring micro-device as shown in figure 2. This 
specialized suspended micro-thermometer device has been 
proved successful in recent works to determine S,  and  
parameters of individual 1-D nanostructures.[27,28] The 

electrical contacts between the HNT and the Pt measuring 
electrodes were improved by depositing Pt at the sample-
electrode contact zones using a Focused Ion Beam (FIB). 
Figure 2(f) shows SEM-EDS elemental mappings of the 
sample clarifying its elemental composition. EDS 
approximated quantification signal (figure 2 (c)) is consistent 
with the Sb:Se 2:3 stoichiometric ratio and correlated with the 
XPS results in figure 1(g) to within the accuracy of analytical 
EDS. 

The measured Seebeck coefficient as a function of 
temperature is displayed in figure 3(a) for the two analyzed 
samples. In both cases S is positive, revealing that the Sb2Se3 

HNT have p-type electrical response. S values increase with 
increasing temperature and are consistent with previous 
reports for this material.[13, 14, 23, 25, 29] n-type behavior in Sb2Se3 
crystals is associated with intentional doping.[13, 25] Figure 3(a) 
includes calculated S values as reported by Rahnamaye 
Aliabad et. al. [30] for a hole-concentration in the order of 
1×1019 cm-3 for comparison and consistent with Jayaraman et. 
al.31 
Figure 3(b) shows the variations in  depending on 
temperature. The measured electrical conductivity in Sb2Se3 
HNT is ~5-orders of magnitude larger than Sb2Se3 bulk 
values11 and ~4-orders larger than the reported ones in tubular 
single crystals19. Recently Ko et. al [23] synthesized high and 
low electrical conductivity Sb2Se3 NWs with conductivities of  

~3×104 S/m and 4.3×10-4 S/m, respectively, showing a strong 
coupling between the electrical properties, the shape, the 
crystal structure and the growth conditions of the material. 
Interpolation of the calculated Seebeck coefficient versus 
Fermi Energy in reference [31] gives Fermi energy values of 
~0.034eV and ~0.045eV above the valence band edge at 300K 
for the 350nm HNT and the 650nm HNT, respectively. These 

Figure 2: (a,b,e) SEM images of the HNT (650nm in diameter) on a specialized suspended micro-thermometer 
device at different magnifications. (d) HRTEM image, insert: SAED. (c,f) SEM-EDS mapping and summary of Sb 
and Se signals of the HNT measured samples. 
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values give density of carriers of the order of ~1.5x1019cm-3 
and ~0.65x1019cm-3, respectively. This degenerate condition 
is attributed to defects formation during growth and 
unintentional doping. 

The Sb2Se3 measurements here reported are in the same order 
of magnitude of some reported whiskers,13 and ~one order of 
magnitude larger than those obtained in some thin films.[32] 
Mehta et al.[25] found high electrical conductivity in 
sulfurized-Sb2Se3 nanowires (~3×104 S/m) and nanotubes 
(3.5×102 S/m), lying in the same order of magnitude than the 
HNTs.[25]  

The temperature dependences of the thermoelectric 
parameters are shown in figures 3(a-d). Measured  in Sb2Se3 

HNT is thermally activated as shown in figure 3(b). Figures 
3(e) and 3(f) show the linear fittings for ln(s) versus 1000/T 
between 120K and 220K for both samples: (e) 350nm and (f) 
650nm. Approximate activation energies obtained from the 
fittings are: 2.7meV and 19.3meV, respectively. As mentioned 

above, the synthesis method used avoids intentional doping 
and the observed Seebeck coefficient confirms p-type doping. 
According to experimental observations and modeling, in 
such conditions, shallow acceptor SeSb antisite defects can be 
expected.[33] This conclusion is consistent with EDS elemental 
data in figure 2(g) that favors slight Se-rich condition. The 
activation energies here obtained are significantly lower than 
the calculations for such defect and is attributed to the 
degenerate characteristics of our samples as suggested from 
the observed S values. The electrical transport of the HNT is 
then assigned to shallow acceptors states near the valence 
band.  

Figure 3(c) shows the temperature dependence of the 
thermal conductivity (κ) for all samples. The thermal 
conductivity remains practically constant with a slight 
tendency to increase with temperature, and with values 
between 1.3 to 1.8 Wm-1k-1. These values are half of the ones 
reported in bulk samples[34] and of the same order of 
magnitude than those reported in nanowires and nanotubes.[23, 

Figure 3: (a) Measured Seebeck coefficient for the two samples as compared with bulk calculations[30] (b) 
Electrical conductivity of the measured samples. (c) Total thermal conductivity κ of the HNT with the error bars. 
(d) Calculated figure of merit ZT for the samples as a function of temperature. Low temperature linear fittings for 
ln(s) versus 1000/T for the determination of approximate activation energies for the 350nm nanotube (e) and the 
650nm nanotube (f) , respectively.  
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25] The lattice contribution to the thermal conductivity was 
calculated using the approximation: κL = κTotal – σLT.  A 
conservative Lorenz number L was used from the 
approximation: L=(1.5 +exp(-|S|/116)) ×10-8 WΩK-2 [35] that 
brings values between 1.64–1.52 ×10-8 WΩK-2 for the 
investigated temperature range. Figure 4 confirms that the 
main contribution to the observed thermal conductivity comes 
from lattice vibrations in the HNT samples, with boundary 
scattering dominating transport. 

Finally, the thermoelectric figure of merit ZT (ZT = S2/) 
was calculated and shown in figure 3(d). The ZT values have 

a maximum of ~ 0.0071 at 370K, 4-orders of magnitude larger 
than reported bulk values.  

In all the samples ZT increases with temperature. These 
results show that Sb2Se3 HNTs considerably improve the 
figure of merit due to the combination of an increasing 
electrical conductivity and a thermal conductivity that is 
reduced to a half. This result makes such morphology a 
preferred one for this material in future hybrid photo-
thermoelectric room temperature applications. 

 
 

3. Summary 

Sb2Se3 were synthesized in high yields by CVD with no 
intentional doping on gold-decorated SiO2/Si wafers by VLS 
process from pure Sb and Se precursors. Under the 
experimental conditions, hexagonal nanotubes were obtained 
with external diameters above 300nm and with wall thickness 
in the order of 60nm. The nanotubes show preferential growth 
along [010] crystal direction. Single HNT were integrated to 
specialized suspended four-probe microdevices for the direct 
measurement of electrical and thermal conductances, and 
Seebeck coefficient, at different temperatures between 120K 
and 370K in high vacuum. From the electron microscopy 
characterization, and the thermoelectrical voltage and 
electrical conductance measurements, the nanostructures 
show high crystalline quality, purity, and p-type transport 

response with high electrical conductivity attributed to 
shallow acceptor defects possibly related to a Se-rich 
condition. 

The electrical conductivity of these structures is five orders 
of magnitude larger than reported bulk values, four orders of 
magnitude larger than bulk tubular samples, and in the same 
order of magnitude than what is observed in sulfurized Sb2Se3 

nanotubes. The thermal conductivity is dominated by phonon 
transport and reduced to one half of the bulk value, likely due 
to enhanced surface scattering in the nanostructure 
boundaries.   

The thermoelectric figure of merit is then enhanced in 
HNTs and increases four orders of magnitude of what is 
obtained in bulk samples, making these structures promising 
ones for room temperature thermoelectrical applications. As 
far as we know, these ZT values are the largest reported in 
Sb2Se3 1D nanostructures. 
 

4. Experimental Details  

The crystal structure, morphology and chemical 
composition of as-synthesized samples were characterized by 
x-ray diffraction - XRD (Rigaku, Cu-Kα radiation with 
λ=1.5406 Å) and scanning electron microscopy - SEM (JEOL 
7500F) and SEM (Hitachi 5500) equipped with an energy 
dispersive X-ray spectrometer (EDS) (see figure 2(c ) and 
2(f)). High resolution electron microscopy and XPS 
information were obtained with Atomic Resolution 
Transmission Electron Microscope JEOL ARM 200F and 
XPS PHI 5600, respectively. The lattice parameters were 
calculated by calibrating peak positions obtained from XRD 
and HRTEM-SAED data. The Sb2Se3 HNT were selected 
directly from the substrate and integrated into a the 
microdevices by micromanipulation with a tungsten nanotip 
attached to a Narishige micromanipulator, using a high 
magnification optical microscope (Nikon eclipse E600). The 
HNT were attached to the tip by van der Waals forces and 

Figure 4: Calculated lattice thermal conductivity as a function 
of temperature. 
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moved to the device and aligned properly to let the sample to 
get into contact with the four Pt electrodes. Once the sample 
was in place, the argon beam of a JEOL JEM 9310 FIB was 
used to remove possible contaminants from the surface of the 
sample at to deposit Pt at the contact sites (see figure 2(e) and 
figure S2 in Supplementary Information). Each measuring 
device with the integrated sample was wired by wire bonding 
(Kulicke & Soffa 4524) to a chip carrier in order to connect 
them to the measuring setup. 
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