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Abstract Herein, tellurium (Te) nanostructures were

successfully synthesized via microwave and sonochemical

routes in which tellurium tetrachloride as a tellurium

source and hydrazine, potassium borohydride, and thio-

glycolic acid (TGA) as reducing reagents were used. TGA

can be easily oxidized to the corresponding disulfide

[SCH2CO2H]2, which in turn can reduce TeCl4 to Te. The

obtained Te was characterized by XRD, SEM, EDS, and

DRS. Additionally, the effects of reducing agent as well as

solvent and surfactant on morphology and size of the

products were studied. Tellurium thin film was deposited

on the FTO–TiO2 by Dr-blading then employed to solar

cell application and measured open circuit voltage (Voc),

short circuit current (Isc), and fill factor were determined as

well. The studies showed that preparation method play

crucial role on particle morphology and sizes. As result,

various solar cell efficiencies will be achieved for the ob-

tained nanostructures.

1 Introduction

Tellurium is a p-type semiconductor with direct narrow

band gap energy of 0.35 eV at room temperature. It has

been employed for piezoelectric devices owning to its

non-centrosymmetry [1, 2], high-efficiency conductors

[3], catalytic activities [4], carbon monoxide [5] and

ammonia [6] gas sensors. Furthermore, tellurium and its

alloys are utilized as significant semiconductor materials

for thermoelectric generators and coolers due to their high

thermo power [7]. Additionally Te can react with other

element to generate many functional materials, such as,

ZnTe, CdTe, etc. [8, 9]. So, control of preparation of

tellurium nanostructures might introduce new types of

application in future nanodevices [10]. During last dec-

ades, massive studies have been reported on synthesis

routes to obtain Te nanostructures [11–18]; however, very

toxic reagents, complex procedures, or very long reaction

time are usually needed to synthesis of Te nanostructures

and it is still a challenging issue to find convenient route

to prepare Te nanostructures. Nonetheless, synthesis of Te

nanostructures can be achieved by many approaches such

as electrochemical deposition [19], microwave-assisted

synthesis in ionic liquids [20], hydrothermal synthesis

[21], and physical evaporation method [22]. Nevertheless,

the preparation of Te nanostructures via wet chemistry

routes is currently using. Mayers and Xia [23, 24] have

successfully synthesized a series of uniform Te nanowires

through the reduction of H6TeO6 or TeO2 in different

solvent systems by N2H4�H2O and a refluxing process.

Liu et al. [14, 25] reported the preparation of Te nanorods

via reduction of (NH4)4TeS4 in an aqueous solution by

Na2SO3, in presence of sodium dodecyl benzenesulfonate

(SDBS). Zhu et al. [26] have reported a developed mi-

crowave-assisted synthesis of Te nanorods and nanowires

in ionic liquids by using TeO2, PVP and BuPy?[BF4]
-.

They found that both the ionic liquid and microwave

heating play an important role in the formation of Te

nanorods and nanowires. Shen et al. [27] synthesized Te

rod-like crystals via a rapid polyol route by refluxing

Na2TeO3 and (NH3)2S2O3 in ethylene glycol. In this
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study, we synthesized Te nanostructures by employing

microwave and sonochemical routes using TeCl4 as a

tellurium precursor and thioglycolic acid (TGA) as a

reducing agent. TGA as a ‘soft template’ controls the

morphology and plays a significant role in formation of

nanostructures [28]. Additionally, effects of different pa-

rameters such as solvent and reducing agent on mor-

phology and size were studied. A preliminary feasibility

study on the developing a solar cell having the fluorine-

doped tin oxide FTO/TiO2/Te/Pt-FTO structure was also

investigated.

2 Experimental

2.1 Materials and physical measurements

All of the chemicals used in the experiments were of

analytical grade and used as received without further pu-

rification. TeCl4, KBH4, N2H4�H2O, TGA and cetyl tri-

methyl ammonium bromide (CTAB) were purchased from

Merck Company. X-ray diffraction (XRD) patterns were

recorded by a Philips-X’PertPro, X-ray diffractometer

using Ni-filtered Cu Ka radiation at scan range of

10\ 2h\ 80. Scanning electron microscopy (SEM) im-

ages were obtained on LEO-1455VP equipped with an

energy dispersive X-ray spectroscopy. The energy disper-

sive spectrometry (EDS) analysis was studied by XL30,

Philips microscope. The diffused reflectance UV–visible

spectrum (DRS) of the sample was recorded by an Ava

Spec-2048TEC spectrometer. Photocurrent density–voltage

(J–V) curve was measured by using computerized digital

multimeters (Ivium-n-Stat Multichannel potentiostat) and a

variable load. A 300 W metal xenon lamp (Luzchem)

served as assimilated sun light source, and its light inten-

sity (or radiant power) was adjusted to simulated AM 1.5

radiation at 100 mW/cm2 with a filter for this purpose.

Table 1 Experimental conditions used for preparation of Te nanos-

tructures via microwave method

Sample no. Reductan Surfactant Solvent

A1 Hydrazine CTAB Water

A2 Borohydride CTAB Water

A3 Hydrazine TGA Water

A4 Hydrazine CTAB Propylene glycol

A5 Hydrazine TGA TGA

Fig. 1 XRD pattern of the as-

synthesized products at 750 W

for 4 min in the presence of

a N2H4.H2O (sample A1), and

b borohydride (sample A2)
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2.2 Preparation of Te nanostructures via microwave

method

In a typical procedure, 0.2 mmol of TeCl4 and 0.15 mmol

of CTAB were dissolved in 38 ml distilled water stirring at

room temperature for 5 min and then 2 ml hydrazine hy-

drate (1 M) was added to solution while stirred vigorously

for 5 min. Finally obtained solution was microwave-heated

at a power setting of 750 W for 4 min. The microwave

oven followed a working cycle of 30 s on and 70 s off

(30 % power).The obtained dark precipitate was washed

with absolute ethanol and distilled water several times and

was dried at 70 �C for 5 h. To study effects of reducing

agent, solvent and etc. several experiments were designed.

The experimental conditions are listed in Table 1.

2.3 Preparation of Te nanostructures via sonochemical

method

In a typical procedure, 0.2 mmol of TeCl4 was dissolved in

40 ml TGA. The obtained colorless solution was stirred at

room temperature for 10 min and then was sonicated at a

power setting of 60 W for 30 min. The obtained dark pre-

cipitate was washedwith absolute ethanol and distilled water

several times and was dried at 70 �C for 5 h (sample B).

2.4 Fabrication of FTO/TiO2/Te/Pt-FTO cell

Electrophoresis deposition (EPD) was utilized to the pre-

pare TiO2 films [29–33]. During EPD, the cleaned FTO

glass remained at a positive potential (anode) while a pure

Fig. 2 SEM images of the products at 750 W for 4 min in the presence of different reducing agents a N2H4�H2O (sampleA1) and b KBH4

(sample A2)
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steel mesh was used as the counter (cathode) electrode. The

linear distance between the two electrodes was about 3 cm.

Power was supplied by a Megatek Programmable DC

Power Supply (MP-3005D). The applied voltage was 10 V.

The deposition cycle was repeated four times, each time

5 s, and the temperature of the electrolyte solution was

kept constant at 25 �C. The coated substrates were air

dried. The apparent area of the film was 0.5 9 0.5 cm2.

The obtained layer was annealed under an air flow at

500 �C for 30 min. Electrolyte solution and the amount of

additives are important for creation a surface with high

quality. Based on other experiment reported previously

[29] we used optimal concentrations of additives in the

electrolyte solution as follow: 120 8 mg/l of I2, 48 ml/l of

acetone, and 20 ml/l of water. For deposition of Te powder

on the FTO glass substrate, a paste of Te was initially

prepared. The slurry was produced by mixing and grinding

1.0 g of the nano-sized Te with ethanol and water in sev-

eral steps. Afterwards, the ground slurry was sonicated

with ultra-sonic horn (Sonicator 3000; bande line, MS 72,

Germany), and then mixed with terpineol and ethyl cellu-

lose as binders. After removing the ethanol and water with

a rotary-evaporator, the final paste was prepared. The

prepared Te paste was coated on TiO2 film by a doctor

blade technique [30–33]. After that the electrode was

gradually heated under an air flow at 450 �C for 30 min.

Counter-electrode was made from deposition of a Pt so-

lution on FTO glass. Subsequently, this electrode was

placed over TiO2/Te electrode. Sealing was accomplished

by pressing the two electrodes together on a double hot-

plate at a temperature of about 110 �C. The redox elec-

trolyte consisting of 0.05 M of LiI, 0.05 M of I2 and 0.5 M

of 4-tert-butylpyridine in acetonitrile as a solvent was in-

troduced into the cell through one of the two small holes

drilled in the counter electrode. Finally, these two holes

were sealed by a small square of sealing sheet and char-

acterized by I–V test.

3 Results and discussion

Figure 1a and b provide a comparison of typical XRD

patterns of Te nanostructures derived from different reac-

tion conditions for samples A1 and A2, respectively. The

diffraction peaks, observed in Fig. 1, can be indexed to

pure hexagonal phase of tellurium (space group: P3121)

with cell constants a = b = 4.4572 Å, c = 5.9290 Å and

JCPDS No. 86-2268. The sharp diffraction peaks

manifestation shows that the obtained Te nanostructures

have high crystallinity. The crystallite sizes of the samples

A1 and A2 estimated by the Scherrer formula shown in

Eq. 1 [34–38] are 18 and 21 nm, respectively.

D hklð Þ ¼ kk=b cos h ð1Þ

where D is the crystallite size, as calculated for the (hkl)

reflection, k is the wavelength of Cu Ka radiation

(0.154178 nm), k is a constant related to the crystal shape

(0.9), and b is the value of full width at half-maximum

intensity (FWHM). The morphology of products was

Fig. 3 SEM images of the products at 750 W for 4 min in the

presence of hydrazine and thioglycolic acid (sample A3)
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characterized by SEM. According to SEM images, the

obtained products in our experiment are nanoparticles,

sheets, rods and microparticles. In continue we will discuss

in detail. In order to investigate the reducing agent effect

on morphology and particle size, hydrazine and potassium

borohydride were used (samples A1 and A2). As showen in

Fig. 2a, nanorods mixed with nanoparticles were obtained

by using of hydrazine (sample A1). Mechanism of telluri-

um nanostructures formation in the presence of hydrazine

can be as follow:

N2H4 ! N2 þ 4Hþ þ 4e ð2Þ
TeCl4 þ 3H2O ! H2TeO3 þ 4HCl ð3Þ

4e þ 4Hþ þ H2TeO3 ! Te þ 3H2O ð4Þ

The final reaction:

TeCl4 þ N2H4 ! Te þ N2 þ 4HCl ð5Þ

Using potassium borohydride (sample A2) leads to the

aggregation and agglomeration of particles (Fig. 2b).

Borohydride is stronger reducing agent than hydrazine and

so in the presence of borohydride as a severe reducing

agent that increases extremely nucleation rate, the spherical

nanoparticles are formed as follow:

KBH4 þ 3H2O ! KH2BO3 þ 2H2 þ 4Hþ þ 4e ð6Þ
TeCl4 þ 3H2O ! H2TeO3 þ 4HCl ð7Þ

4e þ 4Hþ þ H2TeO3 ! Te þ 3H2O ð8Þ

Fig. 4 SEM images of the products at 750 W for 4 min in the presence of different solvents instead of water a propylene glycol (sample A4),

and b thioglycolic acid (sample A5)
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Final reaction:

TeCl4 þ KBH4 þ 3H2O ! Te þ KH2BO3 þ 2H2

þ 4HCl

ð9Þ

For studying of surfactant effects on the Te nanostruc-

tures prepared via microwave method, the reaction was

performed in the presence of 0.2 ml TGA (sample A3).

Under this condition, the morphology changed and the rod-

like self-assembly orders of nanoparticles was disappeared

as well as spherical nanoparticles with smaller size was

formed that was agglomerated at some points (Fig. 3). The

agglomeration can be caused to effect of TGA on the

mechanism of reaction because TGA can play reducing

agent role too. Therefore, TGA can increase the nucleation

rate. The mechanism of tellurium nanostructures formation

in the presence of TGA can be as follow:

2HSCH2CO2H ! SCH2CO2H½ �2þ H2 ð10Þ

TeCl4 þ H2O ! H2TeO3 þ 4HCl ð11Þ
2H2 þ H2TeO3 ! Te þ 3H2O ð12Þ

Final reaction:

4HSCH2CO2H þ H2TeO3 ! SCH2CO2H½ �4þ Te

þ 3H2O

ð13Þ

To investigate the solvent effect, propylene glycol

(sample A4) and TGA (sample A5) were used instead of

water (Fig. 4a, b, respectively). The nanostructures pre-

pared in the propylene glycol are nearly similar to nanos-

tructured prepared in water (Fig. 4a) with difference that

the nanostructures prepared in the propylene glycol have

less order for forming of nanorods. This could be because

of the greater dielectric loss factor of propylene glycol

resulting in the faster reaction rate than water. Nano rod-

like shapes were obtained when the reaction was carried

out in the presence of TGA as solvent, surfactant and

reducing agent (Fig. 4b). TGA has -SH and -COOH

functional groups. When the excess amount of TGA is

used, TGA is adsorbed on the surface of Te nanoparticles

through hydrogen and S–S bonds. Therefore, Te nanopar-

ticles are linked together chain likely through hydrogen and

S–S bonds of TGA and finally form the rod-like Te

nanostructures.

One of main issues affecting the morphology and size is

type of preparation route. Therefore the preparation of Te

nanostructure via sonochemical method was studied. For

this reason, the A5 experiment was repeated via sono-

chemical method at a power setting 60 W for 30 min

(sample B). In this condition the nanoparticles were ob-

tained (Fig. 5) while rod-like nanostructures were obtained

via microwave method (Fig. 4b). Any type of preparation

method has its nucleation and growth mechanism and as a

result, provides products with various size and morpholo-

gies. XRD pattern of the sample obtained by sonochemical

approach (sample B, Fig. 6) confirmed that this sample is

in the same crystalline phase with those obtained by

Fig. 5 SEM images of the as-synthesized product via sonochemichal

route (sample B)
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microwave method whereas the average crystal diameter is

different. EDX analysis was used to identify the elemental

composition of Te nanostructures (sample B, Fig. 7),

indicating that only Te peaks exist in the samples except

the peak relating to the use of a Au-coated substrate for

samples examination. Therefore, both XRD and EDX

analyses revealed that pure Te were successfully synthe-

sized by the current synthetic route. Reaction performed for

preparation of Te nanostructures via sonochemical method

in the presence of TGA:

2HSCH2CO2H ! SCH2CO2H½ �2þ 2H� ð14Þ

TeCl4 þ H2O ! H2TeO3 þ 4HCl ð15Þ
4H� þ H2TeO3 ! Te þ 3H2O ð16Þ

Final reaction:

4HSCH2CO2H þ H2TeO3 ! SCH2CO2H½ �4þ Te

þ 3H2O

ð17Þ

The UV–Vis absorption spectrum of the as-synthesized

Te nanocrystals (sample A) was recorded as shown in

Fig. 8. The absorption edge of obtained Te nanostructures

is observed at 576 nm (2.15 eV) that is in good agreement

with the literature [39]. According to the Hartree–Fock–

Slater study, there are two possible peaks in the range from

250 to 800 nm. Among them, the peak in the range of

3–6 eV is due to the allowed direct transition from the

valence band (p-bonding VB2) to the conduction band

(p-antibondingCB1), and another peak in the range of

0–3 eV can be assigned to a forbidden direction transition

from the valence band (p-lone-pair VB3) to the conduction

band (p-antibonding CB1) [39]. Therefore, the peak located

Fig. 6 XRD pattern of the as-

synthesized product via

sonochemical route (sample B)

Fig. 7 EDX spectrum of the as-synthesized product via sono-

chemical route (sample B)

Fig. 8 Diffuse reflectance spectrum of Te nanoparticles (sample A1)
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at 576 nm (2.15 eV) is assigned to the allowed direct

transition. However, the peak of the forbidden transition

does not exist in Fig. 8. This may be due to the diameter of

the Te nanorods, because the position and intensity of the

two peaks are affected by the diameter and length of 1D

tellurium nanostructures [39].The peak of the forbidden

transition exists in the absorption spectrum when the di-

ameter of 1D tellurium nanostructure is below 25 nm [39].

In our work, the average diameter of Te nanorods is about

70 nm. Therefore, the peak of the forbidden transition is

absent in Fig. 8. Current–voltage characteristic of FTO/

TiO2/Te/Pt-FTO cells (Fig. 9) for some samples was

studied. The results are listed in the Table 2. As can be

seen, different efficiencies are obtained for samples with

different shapes and sizes. For an example, the highest

efficiency is achieved by nanorods prepared via microwave

method (sample A1) while the lowest efficiency is

achieved by agglomerated products obtained via sono-

chemical route (sample B). Stronger electric fields within

bonds result in higher open circuit voltage. To obtain a

strong electric field, difference between Fermi levels of two

materials (p and n) must be large. For this purpose, semi-

conductors energy gap must be large. Therefore, open

circuit voltage of a solar cell will increase with its energy

gap. Although, increasing the energy gap leads to fewer

photon could generate electron–hole pairs and as a result,

less short-circuit current will be generated. Therefore, in-

creasing energy gap and actually increasing particle size

have different effects on open-circuit voltage and short-

circuit current. In this respect, an optimal particle size for

obtaining high efficiency is offered. Morphology has also

effect on efficiency by exposing different surface areas to

the light.

In comparison to other similar works, our method is

simpler, faster, and more controllable. We have used TeCl4
as a new Tellurium source to prepare the Te nanostruc-

tures. Furthermore, TeCl4 is a good Tellurium source,

which dissolves well in distilled water and provides a

highly reactive in aqueous solution. In our experiment,

when TeCl4 is added in deionized water, a completely clear

acidic solution is obtained that contains H2TeO3; however,

H2TeO3 can be quickly converted to Te by hydrazine,

potassium borohydride, and TGA. As a result, TGA can

reduce TeCl4 to Te, where no other reducing agent is

needed. Finally, solar cell efficiency of products were

studied by different chemical methods and it was found

that morphology and size have significant effect on

efficiency.

4 Conclusions

In the summary, Te nanostructures with various shapes

have been prepared via two facile and rapid synthesis

methods, microwave and sonochemical routes, with TGA

Fig. 9 J–V characterization of

prepared solar cells a sample

A1, b sample A2, c sample A5,

and d sample B

Table 2 J–V characteristic of prepared solar cells by Te

Sample no. Isc (mA) Jsc (mA/cm2) Voc FF g (%)

A1 0.156 0.312 0.59 0.7 0.13

A2 0.132 0.264 0.53 0.64 0.09

A5 0.181 0.392 0.56 0.59 0.13

B 0.111 0.222 0.53 0.49 0.06
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as a new reducing agent for reducing TeCl4 to Te. In this

work, the effect of reducing agent, solvent and surfactant

on the morphology and particle size of the products was

investigated. To fabricate a FTO/TiO2/Te/Pt-FTO solar

cell, Te film was directly deposited on top of the TiO2.

Solar cell results indicate that there is the possibility of

developing an inexpensive solar cell by tellurium produced

by these methods. The prepared Te products were char-

acterized extensively by means of XRD, EDX, SEM and

DRS.
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