
This journal is c the Owner Societies 2010 Phys. Chem. Chem. Phys., 2010, 12, 15247–15250 15247

Disproportionation of thermoelectric bismuth telluride nanowires as a

result of the annealing processwz
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P-type thermoelectric bismuth telluride nanowires were fabricated by pulsed electrodeposition in

anodic aluminium oxide (AAO) membranes. Subsequently, the nanowires were annealed at 423,

523 and 673 K in an inert atmosphere for 4 h. With increasing temperature, it was observed that

the Te compound incongruently sublimates due to its high vapor pressure, leading to

disproportionation (from Bi2Te3 to Bi4Te3 via Bi4Te5). The crystalline structure of the nanowires

was then investigated using XRD and SAED, with nanowire compositions investigated using an

EDX attached to a TEM. The crystallinity of the nanowires was found to be enhanced with

increased annealing temperature, and nanowires annealed at 673 K were stably maintained in the

Bi4Te3 phase. Additionally, the Seebeck coefficient was determined and the thermopower of

nanowires annealed at a temperature of 423 K was shown to be slightly enhanced. Significantly

suppressed Seebeck values for annealing temperatures of 523 K and 673 K were also observed.

Introduction

In the future, thermoelectric materials are positioned to play

an increasing role in the efficient use of energy. Thermoelectric

materials can be utilized as electric generators or coolers for

several purposes, such as power generation in automotive

applications and microcoolers,1 and also for infrared detectors.2

The thermoelectric efficiency of a material is characterized by a

dimensionless figure of merit ZT ¼ S2sT
k , where S is the

Seebeck coefficient, s is the electrical conductivity, k is the

thermal conductivity, and T is the absolute temperature.3 To

date, a number of approaches have attempted to enhance the

thermoelectric efficiency; many recent advances in increasing

the figure of merit are linked to nanoscale phenomena found

both in bulk samples containing nanoscale constituents as well

as in the nanoscale samples themselves.4 For example,

AgPbmSbTe2+m showed an impressively high ZT of B2.2 at

800 K owing to embedded nanostructured precipitates.5

The highest ZT reported to date (B2.4) was measured in

Bi2Te3/Sb2Te3 superlattice films.6 Regarding a low-dimensional

system approach, however, the internal interfaces found in

nanostructures need to be designed in such a way that the

thermal conductivity is reduced. This approach originates via

the strong suppression of phonon-based contributions of

the thermal conductivity, whereas the electrical conductivity

is ideally kept unaffected.7 Furthermore, it has also been

reported that annealing processes can be successfully applied to

optimize the thermoelectric performance.8–10 As such, annealing

can be used to alter the defect concentration of materials, leading

to a modification of the carrier concentration.

In this article, we investigate the disproportionation in

Bi2Te3 nanowires during the annealing process in an Ar

atmosphere, and thereby increase our understanding of the

effect of annealing on the thermoelectric performance.

Previously, Wang et al.11 reported that the spontaneous

formation of Bi2Te3/Te heterostructured nanowires occurred

during the annealing of a supersaturated Bi0.26Te0.74 alloy. In

contrast, we demonstrate here the incongruent sublimation of

the Te compound during the annealing process, leading to

extremely Bi-rich Bi–Te nanowires, in addition to a significant

reduction of the Seebeck coefficient due to the development of

a strongly metallic Bi–Te compositional alloy.

Experimental section

Anodic aluminium oxide (AAO) membranes were prepared

using a two-step anodization process in 0.3 M oxalic acid at an

applied voltage of 40 V; a more detailed description of the

fabrication procedure can be found in ref. 12. Bismuth telluride

nanowires were fabricated by pulsed potential electrodeposition

with a 50 ms off time (5 ms on time) until an overgrown film

covered the top surface of the AAO, as reported in our

previous paper.13 The diameter of the nanowires was the same

as for AAO (50 nm) and the nanowires reached a length of

25 mm. After nanowire growth in the nanochannel structure of
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AAO, nanowires within the alumina matrix were annealed at

different temperatures (423 K, 523 K, and 673 K). The

annealing process was performed under a controlled Ar

atmosphere at 2 mbar pressure for 4 h. Prior to the annealing

process, a pre-flow was sustained for 30 min in order to

eliminate possible contamination on the tubular chamber

walls. The morphologies of the nanowires and the overgrown

film were then investigated via scanning electron microscopy

(SEM), and the crystalline structure of the nanowires was

investigated by X-ray diffraction (XRD), high-resolution

transmission electron microscopy (HRTEM), and selected

area electron diffraction (SAED) patterns. In addition, the

composition of the nanowires was investigated using an energy

dispersive X-ray spectroscope (EDX) attached to the TEM

system. For this analysis step, the fabricated nanowires were

dispersed on TEM grids after selective dissolution of the

alumina matrix in 2 M NaOH.

To measure the Seebeck coefficient, an Au layer was

sputtered onto the front side of the membrane through a

circular mask (1 mm diameter) after mechanical removal of

the overgrown bismuth telluride (Bi–Te) film by ion-milling.

This step ensured an enhanced electrical and thermal contact

between the nanowire array and the copper blocks of the

measurement setup. The Au layer had to be deposited

carefully in order to prevent an Au coating from accumulating

on the sample edges, which could cause short circuits. For the

thermopower measurements, the samples were placed between

two copper blocks and a constant temperature gradient of

15 K was applied.

Results and discussion

In these experiments, mixed bismuth and tellurium oxide

(Bi2O3 and TeO2) layers were observed to form a shell

structure, as shown in Fig. 1(a). Note that the oxygen intensity

fluctuates at positions 4 and 24 on the x-axis (the interfaces at

both sides of the nanowires). This fluctuation indicates Bi2O3

and TeO2 layers formed on the outer surface of the nanowires

as a shell structure during the annealing process.

In a previous report by Menke et al.,14 X-ray photoelectron

spectroscopy (XPS) data for freshly prepared nanowires found

that they were quickly covered by mixed bismuth and tellurium

oxides, resulting from air oxidation at the surface of the Bi2Te3
nanowires. Then, based on the layered oxide structure model

suggested by Bando et al.,15 it is estimated that within 1 h of

air exposure the oxide structure consists of layers of Bi2O3 and

TeO2 that are 2.2 and 1.1 nm thick, respectively. As shown in

Fig. 1(b), as the annealing temperature increases, the atomic

ratio (Te/Bi) tends to decrease due to the reduction of the Te

compound, similar to the previous EDX data for overgrown

film, (see Supporting Informationz) leading to a Bi-rich Bi–Te

nanowire structure. The composition of the as-prepared

nanowires and the nanowires annealed at 423 K is close to

Bi2Te3; however, a transformation from Bi2Te3 into Bi4Te5
(523 K) and Bi4Te3 (673 K) was observed with an increasing

annealing temperature. This transformation is caused by the

higher vapor pressure of Te compared to Bi, leading to a

higher evaporation rate of the Te compound, as presented in

the vapor pressure graph and Bi–Te alloy phase diagram.16,17

In addition, the high surface area would also affect the

evaporation rate in the nanowire system.

Most notably, several black spots (crystallites) were

observed in the bismuth telluride nanowires annealed at 523 K.

Therefore, line scans were performed with a particular focus

on this area, as shown in Fig. 2; in Fig. 2(a), the intensity of the

bismuth decreased significantly at a certain point, whereas the

intensity of Te increased. This result is decisive evidence that

the crystallite composition was relatively pure Te. In addition,

the much higher atomic ratio (B6) supports the hypothesis

that the black spots consisted of pure Te. However, with a

further increase of the annealing temperature to 673 K, the

black spots were no longer observed, indicating that the Te

crystallites had decomposed during the annealing process due

to the high vapor pressure of Te.16

Moreover, the atomic ratio of the annealed nanowires also

decreased (Fig. 1(b)). Unlike the complete separation of the

Bi2Te3/Te multi-structure reported by Wang et al.11 however,

the Te crystallites formed irregularly along the annealed

nanowire axis, which showed a stronger rate of evaporation

Fig. 1 (a) Representative intensity profiles of elements for individual

nanowires annealed at 423 K and (b) atomic ratio (Te/Bi) variations of

individual nanowires annealed at different temperatures. Note that the

data was confirmed by EDX coupled with a TEM system performing a

line scan across the nanowire.
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of the Te element at increasing annealing temperature. The

crystalline structure and the transformation of the annealed

nanowires were then revealed by XRD (see Supporting

Informationz) and SAED patterns.

Fig. 3 shows the SAED patterns of nanowires annealed at

different temperatures. For the nanowires annealed at 423 K,

the SAED pattern consisting of bright spots indicates the

single crystalline structure of the nanowire, which can be

indexed at (205), (110), and (0015) in hexagonal Bi2Te3 phase

(rhombohedral (R�3m) space group). Additionally, the growth

direction of this nanowire is along the c-axis [0 0 l] perpendicular

to the nanowire. With an increase in the annealing temperature

to 523 K, the SAED shows a ring pattern, indicating the

polycrystalline nature of the nanowires. The main reason for

this change is structure might be the mixture of a Bi4Te5 phase

(rhombohedral (R�3m) space group) and Te phase crystallites,

consistent with the previous results (EDX and XRD). In

addition, the indexes (0011) and (0027) were observed in the

corresponding SAED pattern, with c-axis growth similar to

the bismuth telluride nanowires annealed at 423 K. At the final

stage of the annealing process, the SAED patterns of nano-

wires annealed at 623 K again display a single crystalline

structure. This enhancement of the nanowire crystal quality

can be explained by the recrystallization of Te crystallites and

subsequent transformation to a more stable Bi–Te phase

(Bi4Te3), according to the binary alloy Bi–Te phase diagram.17

In a previous report,18 Bi4Te3 nanowires grown by molecular

beam epitaxy (MBE) at 600 K were achieved as a stable state.

Also, the viewing zone axes for the Bi4Te3 nanowires were

determined to be [110] and [1121], with c-axis growth with the

rhombohedral (R�3m) space group.

Fig. 4 shows the Seebeck coefficient of the Bi–Te nanowires

as a function of the annealing temperatures. The measured

Seebeck coefficients were positive, indicating a p-type

characteristic, which are likely due to an excess of Bi component.

As the annealing temperature was increased to 423 K, the

Seebeck coefficient rose slightly from 53 mV K�1 (as-prepared)

to 57 mV K�1. This slight enhancement of Seebeck coefficient

could be attributed to the improved crystal quality due to

annealing effects, rather than the carrier concentration of the

nanowire. However, it significantly decreased to 19 mV K�1

(64% reduction) and then recovered to 29 mV K�1 with a

further increase in temperature. Similar results have been

previously reported. Bailini et al.19 presented Seebeck

coefficient variations of Bi2Te3, BiTe, and Bi4Te3 films; in

their results, the coefficients significantly decreased from

�175 mV K�1 (Bi2Te3) to �75 mV K�1 (Bi4Te3). Though the

reduction of the Seebeck coefficient with increasing annealing

temperature is presently not well understood, a hypothesis can

be suggested. The unbalanced composition of nanowires

would reduce the Seebeck coefficient due to the loss of the

Te element, as the surface-to-volume ratio is quite high in 1D

nanostructures. Therefore, the composition of nanowires can

be easily modified during the annealing process at certain

temperatures. Consequently, it is well known that the

Seebeck coefficient is inversely proportional to the carrier

Fig. 2 EDX of a nanowire annealed at 523 K: (a) intensity of each

element, and (b) atomic ratio (Te/Bi) of the nanowire. Note that the

line scan was performed inside the nanowire.

Fig. 3 Selected area electron diffraction (SAED) patterns of annealed nanowires at different temperatures: (a) 423 K, (b) 523 K, and (c) 673 K.
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concentration,20 i.e., the carrier concentration would grow

with rising annealing temperature because of increasing Te

deficiency. In addition, the slight enhancement of the Seebeck

coefficient at a 673 K annealing temperature can also be

attributed to the improved crystal quality of the nanowires.

Conclusions

Thermoelectric Bi–Te nanowires fabricated by pulsed electro-

deposition were annealed for 4 h in an Ar atmosphere at set

temperatures of 423 K, 523 K, and 673 K. The annealed

nanowires showed a good single-crystalline structure, except

for the specimen annealed at 523 K. The as-prepared nano-

wires consisted of a Bi2Te3 phase, which transformed into

Bi4Te5 and Bi4Te3 with increasing annealing temperatures.

Due to the much higher vapor pressure of Te at a given

temperature, loss of the Te element occurred. In particular,

irregular Te crystallites were observed in nanowires annealed

at 523 K, leading to a polycrystalline structure of the nano-

wires with Bi4Te5. These nanowires were then recrystallized

and continuously vaporized at a further increased annealing

temperature (673 K). Accordingly, the Seebeck coefficients

slightly increased at an annealing temperature of 423 K and

significantly decreased at 523 K, though slightly recovered at

673 K. The slight enhancement of the Seebeck coefficient could

be attributed to the improved crystal quality of the nanowires,

and the reduction is mainly due to the unbalanced composition

of the nanowires from loss of the Te element. Based on the

Seebeck coefficient results, it is expected that Bi–Te based

thermoelectric devices will be less efficient in temperatures

below 500 K.
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