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A novel, simple, and cost-effective route to PbTe nanoparticles and films is reported in this paper. The

PbTe nanoparticles and films are fabricated by a chemical bath method, at room temperature and

ambient pressure, using conventional chemicals as starting materials. The average grain size of the

nanoparticles collected at the bottom of the bath is �25 nm. The film deposited on glass substrate is

dense, smooth, and uniform with silver gray metallic luster. The film exhibits p-type conduction and has

a moderate Seebeck coefficient value (�147mV K�1) and low electrical conductivity (�0.017 S cm�1).

The formation mechanism of the PbTe nanoparticles and films is proposed.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Lead telluride (PbTe) is a narrow band gap (Eg=0.32 eV)
semiconductor. It has been reported that PbTe and PbTe based
materials have superior thermoelectric (TE) properties [1,2] and
have potential applications in power generation and thermal
sensing. Theoretical calculations and experiments indicate that
improvement in TE properties can be achieved as the dimension-
ality of materials is reduced [1,3–7]. Low dimensional TE materials
such as films are of great interest for construction of high
performance TE devices. In addition, PbTe films are also good
candidates for optoelectronic applications in the mid-infrared
range [8].

Various methods have been utilized to prepare PbTe thin films,
such as vacuum evaporation [9–12], magnetron sputtering [13],
molecular beam epitaxy [14], pulsed laser deposition [15], hot-
wall epitaxy [16,17], and electrodeposition [18–20]. All these
methods need special equipments, and the electrodeposition
method needs conductive substrates, although it is relatively low-
cost. Chemical bath deposition (CBD) method does not have
special requirement for substrate and does not need special
equipment, therefore, it is much more convenient and more cost-
effective. Lead chalcogenide thin films prepared by CBD method
have recently been reported. For example, PbS thin films were
deposited on glass or Si substrates using thiourea or sodium
thiosulfate as the S source [21–24]; PbSe films were deposited on
ll rights reserved.
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glass substrate, using sodium selenosulfate (Na2SeSO3) as the Se
source [25,26]. Unfortunately, the corresponding Te source,
Na2TeSO3, is hard to obtain and instable. Moreover, the hydrolysis
and disproportionating reaction of Te in solution is much more
difficult than those of S or Se [27]. Therefore, there are rare studies
on deposition of PbTe thin films by CBD method.

In this work, we report for the first time on PbTe thin film
deposited on glass substrate and the synthesis of PbTe nanopar-
ticles, at room temperature, in an alkaline aqueous solution, by a
CBD method. The present method for preparation of PbTe film is
much simpler and cost effective than the other methods
mentioned above. On the other hand, compared with other
methods, such as solvothermal/hydrothermal synthesis methods
[28–30], high temperature solution-phase synthesis [31] and
sonoelectrochemical approach [32], for synthesis of PbTe nano-
particles, our present method is much more convenient. The
formation mechanism of the PbTe nanoparticles and film was
proposed and the TE properties of the film were measured at room
temperature.
2. Experimental procedures

All reagents were analytical grade and directly used without
further purification. In a typical run, 1 mmol Pb(Ac)2 �3H2O,
1 mmol TeO2, 0.02 mol KOH, 2 mmol trisodium citrate (TSC), and
8 mmol KBH4 were dissolved in sequence in 50 ml deionized
water. A colorless and transparent solution was formed. The
solution was diluted to 200 ml in a beaker and then was placed at
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room temperature without stirring. Microscope glass slide was
used as the substrate after being ultrasonically cleaned in pure
ethanol for 15 min and then rinsed with deionized water. The slide
was put in the solution at an angle of �301 to the bottom of
the beaker. The solution gradually turned dark. About 12 h later,
the solution was in black and films with silver gray metallic luster
(see supporting data SD1) were formed on both sides of the
substrate and inwall of the beaker immerged in the solution. The
film deposited on the downward side of the substrate was more
strongly adhered while that on the upward side was weakly
adhered and could be removed with a cotton swab wetted by
oxalic acid solution (0.1 mol L�1). Therefore, hereinafter, only the
film deposited on the downward side of the substrate was further
studied. Black precipitate was collected at the bottom of the
beaker about 24 h later. The precipitate was washed with
deionized water and pure ethanol in sequence for several times,
then separated by centrifugation for 5 min at 4000 rpm and finally
dried in vacuum at 70 1C.

The phase composition of the precipitate and the film was
determined by X-ray diffraction (XRD, Bruker D8 Advanced) with
CuKa radiation (l=1.5406 Å). The morphology and composition of
the precipitate were examined by transmission electron micro-
scopy (TEM, Philips TECNAI-20), equipped with an energy
dispersive X-ray spectroscopy (EDS). The morphology of the film
was observed by field emission scanning electron microscopy
(FE-SEM, Quanta 200 FEG). The electrical conductivity and
Seebeck coefficient of the film were measured at room tempera-
ture. A standard four-probe method was used for the electrical
conductivity measurement and the Seebeck coefficient was
determined by the slope of the linear relationship between the
thermoelectromotive force and temperature difference (�10 K)
between two points on the film.
3. Results and discussion

Figs. 1(a) and (b) show typical XRD patterns for the precipitate
and the film, respectively. All the diffraction peaks for the
precipitate can be indexed to the reported PbTe (JCPDS card file,
No. 077–0246), indicating that the precipitate is PbTe. The average
particle size of the precipitate is estimated to be about 21 nm from
the Scherrer formula: d=kl/w cosy, where d is the particle size, k

is the Scherrer constant (0.9) and w is the half width of the
Fig. 1. Typical XRD patterns of (a) precipitate, (b) film, and (c) the standard pattern

of PbTe (JCPDS card file, no. 077-0246), respectively.
diffraction peak. For the film, its XRD pattern only has three weak
peaks at 2y=�27.5, 39.3, and 64.41 with a hillside background.
The three weak peaks can also be indexed to the PbTe (JCPDS card
file, No. 077–0246), and the hillside background should be due to
the glass substrate. This indicates that the film also consists of
PbTe.

Fig. 2(a) shows a typical TEM image of the precipitate. It can be
seen from Fig. 2(a) that the precipitate is uniform and consists of
nanoparticles with average particle size of �25 nm, which is close
to the calculated size from XRD data. EDS analysis indicates that
the nanoparticles are composed of Pb and Te (see Fig. 2(b)), and
that the atomic ratio of Pb/Te is very close to 1:1, which further
confirms that the precipitate is PbTe. The Cu signals in Fig. 2(b)
should be from the copper grid of the TEM sample holder.

Figs. 3(a) and (b) are typical FE-SEM images of the surface
morphology of the film at low and high magnification,
respectively. It can be seen from Figs. 3(a) and (b) that the PbTe
film is dense and homogeneous. The film surface consists of
numerous nanoparticles, and the exact sizes of the nanoparticles
are difficult to be determined due to agglomeration. The thickness
of the film is about 1mm estimated from its fracture section under
SEM (see supporting data SD2).

Two additional experiments (experiments A and B) were
performed to explore the formation mechanism of the PbTe. The
experiment A and B were done under the same conditions as
described above but without adding Pb(Ac)2 �3H2O and using Te
powder instead of TeO2, respectively. For experiment A, only a
little black precipitate was formed at the bottom of the beaker and
no films were deposited. The precipitate was elemental Te
determined by means of XRD. For experiment B, the whole
system was hardly changed during the reaction time as the Te
powder cannot be well dissolved by alkaline solution at room
temperature. The experiment A indicates that at room tempera-
ture the TeO2 can be reduced to Te by KBH4 but can not be reduced
to Te2� , while the experiment B indicates that the Pb2 + from
Pb(Ac)2 cannot be reduced into Pb in the system. Based on the
above results, the whole reaction process for the formation of the
PbTe was proposed as follows:

Pb2þ
þ3OH� ) HPbO�2 þH2O ð1Þ

TeO2þ2OH� ) TeO2�
3 þH2O ð2Þ

HPbO�2 þH2O) Pb2þ
þ3OH� ð3Þ

Pb2þ
þTeO2�

3 3PbTeO3 ð4Þ

2PbTeO3þ6BH�4 ) 2PbTeþ6OH�þ3B2H6m ð5Þ

The Pb(Ac)2 and TeO2 dissolve in excess alkali and form HPbO2
�

and TeO3
2� ions, according to reactions (1) and (2), respectively.

The TeO3
2� , HPbO2

� and BH4
� (from KBH4) all are negative charges;

therefore, the reduction reactions related to them are difficult.
Some HPbO2

� ions are hydrolyzed into Pb2 + (reaction (3)). The
Pb2 + combines with the TeO3

2� to form PbTeO3 colloidal particles
(reaction (4)). The PbTeO3 colloidal particles are reduced into PbTe
by BH4

� (reaction (5)) and PbTe nuclei form. The PbTe nuclei
attached to the surface of the substrate and the inwall of the
beaker grow up and form films, and the PbTe nuclei in the solution
grow up slowly into nanoparticles and precipitate at the bottom of
the beaker. The deposition procedure was carried out at room
temperature, therefore, the growth of the PbTe nuclei should be
very slow and the products consist of nanoparticles.

The TSC was used as a complexing agent [25]. The films
deposited without adding TSC were loose and easy to peel off,
indicating that the TSC can increase the adhesive ability of the
films. However, when the TSC concentration was increased to
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Fig. 2. Typical TEM image (a) and EDS spectrum (b) of the precipitate

Fig. 3. Typical FE-SEM images of the surface morphology of the film deposited on

glass substrate at (a) low and (b) high magnification.

Fig. 4. Plot of thermoelectromotive force versus temperature difference from two

points on the film, inset is a schematic diagram of the Seebeck coefficient

measurement.
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0.02, 0.04 or 0.1 mol L�1, the films formed were quite similar. The
influence of the KOH concentration was also investigated. When
the KOH concentration was too low (�0.01 mol L�1), PbTe
nanoparticles precipitated quickly but no films were formed.
When the KOH concentration was too high (�1 mol L�1), the
solution was very stable and even 72 h later neither PbTe films nor
nanoparticles were formed.

The electrical conductivity (s) and Seebeck coefficient (S) of
the film are �0.017 S cm�1 and �147mV K�1 (see plot of
thermoelectromotive force versus temperature difference from
two points on the film in Fig. 4), indicating that the film is p-type
conductor. Both the values of electrical conductivity and Seebeck
coefficient are lower than those of the PbTe films (�0.28–
1.12 S cm�1 and �200–400mV K�1, at room temperature)
prepared by a gas evaporation method [12]. The low electrical
conductivity of the film should be due to a strong grain
boundaries scattering of carriers. Nevertheless, extremely low
thermal conductivity (k) for the film could be expected due to
strong grain boundaries scattering to the phonons. This is bene-
ficial to the nondimensional TE figure of merit, ZT (=sS2T/k,
where T is the absolute temperature), which determines the TE
conversion efficiency of a material. The TE properties of the film
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could be improved by doping other elements, such as Ag, Sb, Sn,
and Se.
4. Conclusions

A novel, simple, convenient, and low-cost route to PbTe
nanoparticles and films is presented. PbTe film with silver gray
metallic luster is successfully deposited on glass substrate at room
temperature and ambient pressure. The film is dense, smooth, and
uniform. The electrical conductivity and Seebeck coefficient of the
film are �0.017 S cm�1 and �147mV K�1, respectively. The PbTe
nanoparticles collected at the bottom of the bath are homo-
geneous and with grain size of �25 nm.

As the processing is very simple, the reaction condition is very
mild, and no special equipment is needed, this route to PbTe
nanoparticles and films shall be very promising.
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