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Electrodeposition is a promising low-cost method to fabricate nanostructured thermoelec-
tric chalcogenide thin films. However, highly acidic environment (pH ≤ 1) is always 
required for this kind of electrodeposition. Here we demonstrated a facile and mild elec-
trodeposition method for binary (PbTe, Bi2Te3 and Sb2Te3) and ternary (Bi0.5Sb1.5Te3) 
telluride thin films with citric acid as a complexing agent. Composition and phases of 
these telluride films were successfully controlled by adjusting bath composition and depo-
sition potential. The effects of synthesis conditions on the resulting microstructure and 
compositional homogeneity were characterized by the X-ray diffraction pattern (XRD), 
field emission scanning electron microscopy (FESEM) and X-ray photoelectron spectros-
copy (XPS). 
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1. Introduction 
 
The growing concern over increasing energy cost and global warming associated with fos-

sil fuel sources has stimulated the search for cleaner, more sustainable energy sources. Among the 
viable technologies, thermoelectric (TE) energy converters have received much attention as these 
solid state devices can generate electricity by harvesting waste thermal energy, thereby improving 
the efficiency of a system. The performance of a solid state TE device is mainly determined by the 
magnitude of the figure-of-merit ZT (ZT = S2T/k), where S is the Seebeck coefficient,  is the 
electrical conductivity, k is the thermal conductivity, and T is the absolute temperature of the given 
TE material. All these factors are inherently correlated, thus greatly restricting the improvement of 
ZT.[1] Nanomaterials have been theoretically and experimentally proven to be able to partially 
decouple these three factors through the unique material properties at nanoscale, such as low 
energy electron filtering[2-4] and effective phonon scattering.[5-7] 

Lead telluride (PbTe), a kind of very important narrow band gap semiconductor, is an ide-
al material for thermoelectric applications due to their large Bohr exciton radii (strong quantum-
confinement effects) and low thermal conductivity.[8, 9] For applications at or near room tempera-
ture, tetradymite-structured materials based solid solution alloys of Bi2Te3, Sb2Te3, and Bi2Se3, are 
currently the highest performing bulk materials.[10-13]  Bismuth-telluride-based alloys, such as 
Bi2Te2.7Se0.3 and Bi0.5Sb1.5Te3 forming n-type and p-type thermoelectricmaterials, are also known 
as the best commercially available thermoelectric materials for applications near room tempera-
ture.[14] Because of the potential for enhanced thermoelectric properties in nanoscale structures 
and interest in the development of thin film based devices for applications such as on-chip cool-
ing[15-18] and thermal sensing[19]. The synthesis of high quality, crystalline thermoelectric thin 
films based on these materials has been actively explored.  

Various methods, including ligand-based synthesis[20, 21], hydro-/solvothermal synthe-
sis[22, 23], sonoelectrochemistry[24, 25], and chemical vapor transport[8] have been used to 
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produce semiconductor telluride nanostructures. However, above approaches involve complex 
process control, high reaction temperature, long synthesis time, and complex reagents. Electro-
chemical deposition has been widely used in the manufacturing of thermoelectric materials, 
including binary and ternary compounds due to its unique features: simple, fast, low-cost, and 
capable of selective deposition.[26, 27] In electrochemical depositions, the reduction and oxidation 
of precursor can be easily tuned by adjusting working potential. The microstructure and crystallini-
ty of the deposited materials could be controlled by adjusting the parameters of the 
electrodeposition process.[28, 29] With these advantages, electrochemical deposition has been 
widely used in preparation of nanostructured thin film. Nanostructured PbTe, Bi2Te3, Sb2Te3 and 
Bi0.5Sb1.5Te3 have been reported to be electrochemically deposited in acidic HNO3 solution.[26, 30-
45] The acidic solutions must be kept at pH ≤ 1 to dissolve enough of the cationic species. This 
highly acidic condition is not convenient for depositing substrates due to the highly corrosive 
properties of HNO3 solution. In this paper, nanostructured PbTe, Bi2Te3, Sb2Te3 and Bi0.5Sb1.5Te3 
thin films were first electrochemically deposited by a facile procedure under a mild condition with 
a pH range 1.5 ~ 3.0. 

 
 
2. Experimental 
 
The cyclic voltammetry (CV) and electrodeposition experiments were carried out using a 

CH Instruments CHI660D electrochemical workstation connected to a three-electrode cell with a 
Pt disc working electrode, Pt-wire counter electrode and Ag/AgCl reference electrode at a scan 
rate of 100 mV/s at room temperature (25 °C). The Pb, Bi and Sb precursors were prepared by 
dissolving Pb(NO3)2 (Aladdin, 99.99%), Bi(NO3)3 (Sinopharm, 99.0%), and SbCl3 (Sinopharm, 
99.0%) in citric acid and/or nitrilotriacetate (NTA) (Sinopharm, 99%) aqueous solutions with 
appropriate pH value. The Te precursor, TeO2 solution (Sinopharm, 99.99 %), was prepared by 
dissolving in 2M NaOH solution. The preparation of the PbTe, Bi2Te3, Sb2Te3 and Bi0.5Sb1.5Te3 
thin films was based on constant-potential electrochemical deposition at room temperature. The 
deposition substrate is a 99% pure Ti foil. The electrodes were cleaned with HCl 10%, rinsed with 
distilled water, then with acetone and dried in warm air prior to every experiment. The crystal 
structure and phase purity of the deposited thin films were examined with a Philips XPert Pro 
MPD X-ray diffractometer and filtered Cu Ka1 radiation. The binding energy of the prepared thin 
films was explored on the X-ray photoelectron spectrometer (PHI 5600 XPS system). FESEM 
characterizations were carried out with a Hitachi S-4800 FESEM equipped with an energy-
dispersive X-ray spectrometer (EDS). 

 

3. Results and Discussion 
 
3.1 CV study for the reduction of TeO2 solution under different pH 
 
CV was used to select potential regions for film electrodeposition, and also for investigat-

ing the electrode processes. There were no faradaic processes observed on both Ti and Pt 
electrodes in the background electrolyte (0.4 M citric acid) by polarizing in a wide range of 
potentials. 
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Fig. 1. CV of the solution of 0.03 M TeO2 and 0.4 M citric acid solution at different pH values. 
 

The TeO2 solution is stable at pH value from 1 to 5, which provides a broad window for 
adjusting the reaction condition. The CV curves of TeO2 solution at different pH value are plotted 
in Fig. 1. The reduction potential of TeO2 solution shifted from −0.62 V to −0.25 V while the 
oxidation potential varied between 0.4 V and 0.7 V when pH value changes from 5 to 1. The 
reduction peak was attributed to the reduction of Te (IV) via a 4-electron process to give Te (0) 
[27, 46, 47]: 

 

HTeO2
+ + 3H+ + 4 e- → Te + 2H2O     (1) 

 

The oxidation peak corresponds to the dissolution of the deposits formed during cathodic process. 
It corresponds to the cathodic peak, as reported previously[47]: 
 

Te + 2H2O − 4e- → HTeO2
+ + 3H+       (2) 

 

With the addition of precursor cations, the mechanism of electrochemical deposition of PbTe, 
Bi2Te3, Sb2Te3 and Bi0.5Sb1.5Te3  thin films has been previously proposed as [27, 46] 

 

Mn+ + n e- → M       (3) 
m M + n Te → MmTen     (4) 

 

Therefore, the appropriate voltage window for cations reduction and TeO2 reduction is 
crucial for the electrodepostion of these tellurides. The CV study on TeO2 revealed that the more 
acidic the solution is the lower reduction potential for TeO2. This observation is consistent with 
previous reported reduction potential of HTeO3

+ in HNO3 solution.[38, 48, 49] The study also 
revealed that the electrochemical reduction of TeO2 is preferred in acidic solution. To achieve less 
negative reduction potential and milder electrodeposition condition, the pH value of all the 
reaction solution in the following electrochemical investigation is adjusted to less than 3. 
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3.2 Electrochemical deposition of PbTe 

 
The CV curves of Pb(NO3)2 solution at pH 2.1 is presented in Fig. 2a. The reduction poten-

tial of Pb2+ is around −0.53 V. It is similar to the reduction potential of TeO2, which is around 
−0.48 V. The CV curve of the precursor mixture (Pb(NO3)2 + TeO2) at pH 2.0 is shown in Fig. 2c, 
indicating a reduction peak around −0.4 V. This reduction peak could be assigned to the formation 
of PbTe, confirmed with an oxidation peak of PbTe found around 0.4 V. Based on these observa-
tions, the nanostructured PbTe thin film was electrochemical deposited in the precursor solution at 
pH 2.0, with a constant −0.4 V reduction potential vs Ag/AgCl reference electrode.  
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Fig. 2. CV of (a) 0.03 M Pb(NO3)2 and 0.4 M citric acid solution at pH 2.1; (b) 0.03 M 

TeO2 and 0.4 M citric acid solution at pH 2.2; (c) the precursor solution of 0.03 M 
Pb(NO3)2, 0.03 M TeO2 and 0.4 M citric acid solution at pH 2.0. 
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Fig. 3. (a) XRD and (b) XPS of electrochemical deposited PbTe thin film. 

 
The XRD pattern of the electrochemically deposited thin film in Fig. 3a indicates that the 

deposited thin film is relatively phase pure PbTe with a polycrystalline cubic structure (JCPDS 
card 78-1905). The XRD pattern also indicates that the deposited PbTe thin film had a preferred 
crystal orientation at (2 2 0) while other researchers observed a (2 0 0) preferred crystal orientation 
with electrodepoistion method.[31, 50] However, there is no significant peak broadening found, 
which indicates the grain size of the thin film is not small enough. In order to further investigate 
the structure and compositions of the thin films in the present system, XPS analyses were per-
formed for all the as-deposited films. The survey scan spectrum (Fig. 3b) of the as-deposited PbTe 
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thin films indicates the presence of Pb and Te in the sample. The binding energies for Pb 4f7/2 and 
Te 3d5/2 are 137.6 eV and 572.2 eV, respectively, which were coincided with the literature value 
for pure PbTe.[51] 

Fig. 4a is a typical FESEM image of the surface morphology of the PbTe film. It can be 
seen that the PbTe film is dense and homogeneous. The film surface consists of numerous nano-
particles, and the exact sizes of the nanoparticles are difficult to be determined due to 
agglomeration. EDS analysis gives a composition of Pb0.49Te0.51 which is close to the PbTe 
stoichiometry. 

 

 
Fig. 4. FESEM images of electrochemical deposited (a) PbTe, (b) Bi2Te3, (c) Sb2Te3  

and (d) Bi0.5Sb1.5Te3 thin films. 
 

3.3 Electrochemical Deposition of Bi2Te3 

In the previous reports, the Bi3+ solution was mostly dissolved in HNO3 solution with chelating 
ligand.[32, 36, 52] It was difficult to dissolve Bi3+ at acidic solution if it was chelated with citric acid, 
however, the Bi3+ solution could be stable when it was chelated with NTA. The CV curve of 
Bi(NO3)3 with NTA solution at pH 2.0 is presented in Fig. 5a. The reduction potential of Bi3+ is 
around −0.19 V. It is higher than the reduction potential of TeO2 (ca. −0.48V) at the same pH value. 
The CV curve of the precursor mixture solution (Bi(NO3)3 and TeO2) at pH 2.0 is shown in Fig. 5c. 
A reduction peak was found around −0.36 V, which is located between the reduction potential of 
TeO2 and Bi3+. This peak was ascribed to the formation of Bi2Te3, confirmed by a pronounced 
oxidation peak around 0.55 V. The small oxidation peak observed at 0.21 V is corresponding to the 
oxidation of bismuth-rich telluride compounds.[43] The Bi2Te3 thin film was electrochemical 
deposited in the precursor solution at pH 2.0, with a −0.5 V constant reduction potential vs Ag/AgCl 
reference electrode. 
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Fig. 5. CV spectra of (a) the Bi3+ precursor solution of 0.02 M Bi(NO3)3, 0.1 M NTA and 
0.4 M citric acid solution at pH 2.0; (b) 0.03 M TeO2 and 0.4 M citric acid solution at pH 
2.2; (c) the precursor solution of 0.02 M Bi(NO3)3, 0.03 M TeO2, 0.1 M NTA and 0.4 M 

citric acid solution at pH 2.0. 

 

The XRD pattern (Fig. 6a)of the deposited thin film is consistent with standard Bi2Te3 data 
(JCPDS card 72-2036) with a polycrystalline rhombohedral structure as shown in Fig. 6a, and the 
peak broadening indicates the nanostructured grain size of the prepared thin film. However, the 
deposited Bi2Te3 thin film was found peel off from the Ti substrate easily. The XRD impurity 
peaks related to the Ti substrate confirmed the lower mechanic properties of the deposited Bi2Te3 
thin film. The XPS survey scan spectrum (Fig. 6b) of the as-deposited Bi2Te3 thin films indicates 
the presence of Bi and Te in the sample. The Bi spectra contain one set of doublets, at binding 
energies of 157.3 and 162.6 eV, corresponding to the Bi 4f7/2 and Bi 4f5/2 core levels. The Te 
spectra also contain two sets of doublets, one with binding energies of 571.2 and 581.4 eV and the 
other with binding energies of 574.6 and 585.1eV, corresponding to the Te 3d5/2 and Te 3d3/2 core 
levels of two chemically different states.[53] The peaks at about 574.6 and 585.1 eV in the Te 3d 
region indicates the existence of oxidized states of Te atom on the oxidized surface while there are 
no oxidation states for Bi atoms on the thin film surface. 
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Fig. 6. (a) XRD and (b) XPS of electrochemical deposited Bi2Te3 thin film. 

The FESEM images of as deposited Bi2Te3 thin film is shown in Fig. 4b. The film is very 
compact and relatively uniform with an average size between 50 to 200nm. The structure is similar 
to the solution synthesized  Bi2Te3 nanocrystals,[54] which indicates a polycrystalline and dense 
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microstructure. Quantitative analysis of EDS spectrum reveals that the atomic ratio of Bi to Te is 
2:3 with compositional homogeneity. 

 
 
3.4 Electrochemical Deposition of Sb2Te3 
 
The solution of Sb3+ chelated with citric acid is stable when pH < 2, which is similar to 

Bi3+. The CV curves of SbCl3 solution at pH 1.8 is presented in Fig. 7a. It can be seen that the 
reduction potential peak of Sb3+ appears at a more negative potential than that of Te, around −0.70 
V. The CV curves of the precursor solution (SbCl3 + TeO2) solution at pH 1.5 is also presented in 
Fig. 7c. The reduction potential corresponding to the formation of Sb2Te3 was found at −0.24 V 
which was confirmed by the oxidation peak found around 0.51 V.[43] There exists another 
shoulder reduction peak at −0.39 V which corresponds to the TeO2 and Sb3+ reduction while the 
oxidation peak at 0.12 V is the oxidation peak for Sb. The Sb2Te3 thin film was electrochemically 
deposited in the precursor solution at pH 1.5, under a constant −0.35V reduction potential vs 
Ag/AgCl reference electrode to avoid individual deposition of Sb and Te. 
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Fig. 7. CV spectra of (a) the Sb3+ precursor solution of 0.02 M SbCl3 and 0.4 M citric acid 
solution at pH 1.8 ; (b) 0.03 M TeO2 and 0.4 M citric acid solution at pH 2.2; (c) the pre-
cursor solution  of  0.02 M SbCl3, 0.03 M TeO2  and  0.4 M citric acid solution at pH 1.5. 

 

The deposited thin film is found to be amorphous based on the XRD characterization. The 
thin film was then annealed at 250 °C for 30 minutes. As shown in Fig. 8a, the annealed thin films 
show a XRD pattern, consistent with standard Sb2Te3 data (JCPDS card 71-0393) with a polycrys-
talline rhombohedral structure. This result indicates that it is hard to get crystallized Sb2Te3 thin 
film by the regular electrochemical deposition. The survey scan spectrum (Fig. 8b) of the as-
deposited Sb2Te3 thin films indicates the presence of Sb and Te in the sample. Te 3d5/2 (572.1 eV) 
and Te 3d3/2 (582.5 eV) peaks are observed, while the Sb 3d5/2 and 3d3/2 peaks are observed at 
529.2 and 538.5 eV, respectively, which agrees well with the results reported for Sb2Te3 in the 
literature.[55] 
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Fig. 8. (a) XRD and (b) XPS of 250 °C annealed Sb2Te3 thin film  
prepared by electrochemical deposition. 

 

The obtained Sb2Te3 thin film was uniform and compact as shown in Fig. 4c. It showed a 
needle-like structure, which is common for Sb2Te3 crystal.[56] The length of Sb2Te3 crystal is 
around 1m while the width is around 200 nm. EDS analysis indicates that the atomic ratio of 
Sb/Te is very close to 2:3, which further confirms that the electrodeposited film is Sb2Te3. 

 
3.5 Electrochemical Deposition of Bi0.5Sb1.5Te3 
 
The Bi0.5Sb1.5Te3 is the alloy of Bi2Te3 and Sb2Te3. A precursor solution of Bi(NO3)3, 

SbCl3, citric acid, NTA and TeO2 was prepared for electrochemical deposition based on the 
electrolyte bath of electrochemical depositing Bi2Te3 and Sb2Te3. The CV curves of the precursor 
solution at different pH value are presented in Fig. 9. The CV curves indicated the complication in 
electrochemical deposition of the Bi0.5Sb1.5Te3 alloy. The CV curves revealed two cathodic peaks 
at potentials of −0.25 and −0.50 V, which were attributed to electrodeposition of Sb2Te3 and 
Bi2Te3, respectively, which were further confirmed by corresponding anodic peaks at ca 0 V, 1.8 V 
and 0.5 V. In the electrochemical deposition, different reduction potential was tried and it was 
found that different compounds formed under the different condition, and the formation of Bi2Te3 
needed lower reduction potential than Sb2Te3. The Bi0.5Sb1.5Te3 thin film was electrochemically 
deposited in the precursor solution at pH 3.0, with a constant reduction potential of −0.6V vs 
Ag/AgCl reference electrode.  

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

I 
/ 

m
A

E / V vs Ag/AgCl

 pH 3.0
 pH 2.7
 pH 2.2

 
Fig. 9. Cyclic voltammogram of the precursor solution of 0.01 M Bi(NO3)3, 0.03 SbCl3, 

0.06 M TeO2, 0.1 M NTA and 0.4 M citric acid solution at pH 2.2, 2.7 and 3.0. 
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The resulting thin films were also found to be amorphous without annealing which is simi-
lar to Sb2Te3. The XRD pattern (Fig. 10a) of 300 °C annealed thin film shows a XRD pattern of 
Bi0.5Sb1.5Te3 with a polycrystalline rhombohedral structure (JCPDS card 49-1713). The survey 
scan spectrum (Fig. 10b) of the annealed Bi0.5Sb1.5Te3 thin films indicates the presence of Bi, Sb 
and Te in the sample. Te 3d5/2 and Te 3d3/2 peaks are observed at (572.1 eV) and (582.5 eV). The 
Sb 3d5/2 and 3d3/2 peaks are observed at 529.8 and 539.0 eV. The Bi 4f7/2 and Bi 4f5/2 peaks are 
observed at binding energies of 157.7 and 163.2 eV. These values agreed well with the results 
reported for Bi0.5Sb1.5Te3 in the literature.[57]  
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Fig. 10. (a) XRD and (b) XPS of 300 °C annealed Bi0.5Sb1.5Te3 thin film  

prepared by electrochemical deposition. 
 

The morphology of Bi0.5Sb1.5Te3 thin film was characterized by FESEM, which indicated a 
cauliflower-like structure as shown in Fig. 4d. Cracks can be seen for Bi0.5Sb1.5Te3 thin film. Post 
annealing is necessary for electrodeposited Bi0.5Sb1.5Te3 thin film. The elemental composition 
(Bi/Sb/Te) of electrodeposited Bi0.5Sb1.5Te3 was confirmed by EDS, which gave a mole ratio of 
1/2.98/6.03. 

 
4. Conclusion 
 
Here we have demonstrated electrodeposition of nanostructured polycrystalline PbTe, 

Bi2Te3, Sb2Te3 and Bi0.5Sb1.5Te3 thin films under a mild reaction condition through the optimiza-
tion of reduction potential and the pH control of the reaction solution at room temperature. Citric 
acid was used as a complexing agent for all the electrodeposition precursors. NTA was added as a 
complexing agent to help dissolving of Bi3+ additionally. A pH range of 1.5 – 3.0 was used for the 
electrodeposition for these tellurides. The XRD analyses demonstrate that PbTe thin film on Ti 
substrate is of a polycrystalline structure with a dominant (2 2 0) orientation. The as-prepared 
Sb2Te3 and Bi0.5Sb1.5Te3 films were amorphous, whereas the annealed films both had the rhombo-
hedral structures. Surface oxidation of Te atom has been found for the as deposited thin films, 
which was also common in the literature report. The successful electrochemical deposition of 
PbTe, Bi2Te3, Sb2Te3 and Bi0.5Sb1.5Te3 thin films indicates that electrochemical deposition is a 
potential choice for preparation of telluride type thermoelectric materials.  
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