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(Bi2Te3)0.25(Sb2Te3)0.75 crystal structure improvements with
excess Te as studied by AFM, SEM, EBSD and XRD
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(Bi2Te3)x(Sb2Te3)1−x solid solutions with x = 0.2, 0.25 and 0.3 – p type thermoelectric compounds with an excess of
Tellurium dopant up to 4 wt% were crystallized. By increasing the Bi2Te3 content in the Bi−Sb−Te system, the hole concentration
decreased and in consequence caused an optimum Seebeck coefficient and a decrease in electrical conductivity and thermal
conductivity, thus resulting in an increase in the figure of merit at x = 0.25. The results showed that optimum thermoelectric
properties can be achieved for a mixture of x = 0.25 with 3 wt% Te added. Structural characterizations of this compound
in the absence and presence of the dopant were carried out by means of X-Ray diffraction measurement, scanning electron
microscopy, electron backscattering diffraction and atomic force microscopy. Detailed analyses confirm that the improvements in
thermoelectric parameters due to the intrinsic structure and minimum defects during crystallization of the compounds result from
the excess of Te.
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1. Introduction
Thermoelectric (TE) effects were a little more

than a mere curiosity until 1950s, when Ioffe [1]
found that doped semiconductors had a larger TE
effect than the other materials. There are three
main techniques to achieve bismuth telluride crystal
growth: based on Bridgman [2], zone-melting [3],
and Czochralski [4] methods. Powder metallurgy
techniques such as mechanical alloying [5, 6], hot-
extrusion methods [7], and hot-pressing [8, 9] are
commonly used for the fabrication of TE elements.

Bismuth telluride and antimony telluride, which
have the same rhombohedral structure, form a con-
tinuous series of solid solutions [10]. Undoped
Bi2Te3–Sb2Te3 alloys are all of p type, and the
hole concentration increases markedly toward the
Sb2Te3 rich region [11]. There have been seve-
ral comprehensive reports on the influence of

∗E-mail: g-kavei@merc.ac.ir

chemical composition on TE properties of p type
(Bi2Te3)x(Sb2Te3)1−x solid solutions, which showed
that the figure of merit could be improved by de-
creasing the lattice thermal conductivity with en-
hanced phonon scattering due to the lattice distor-
tion, however, there were many discrepancies in
the published works [12–16]. Most of the previous
works have only focused on the measurements of
the basic transport mechanisms to define TE pro-
perties. The optimum stoichiometries were tested
for the compounds of (Bi2Te3)x(Sb2Te3)1−x. It was
found that (Bi2Te3)0.25(Sb2Te3)0.75 compound was
the best p type material with the optimal TE proper-
ties.

However, Smirous and Stourac [17] reported a
Z value as high as 3.58×10−3K−1 at room tem-
perature for a p type (Bi2Te3)0.25(Sb2Te3)0.75 alloy
containing 4 wt% excess of Te and 0.05 wt% Ge.
Shortly afterwards, Rosi et al. [18] obtained equally
high figure of merit (Z) of 3.53×10−3K−1 at room
temperature for a p type (Bi2Te3)0.25(Sb2Te3)0.75
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alloy that was doped with 1.75 wt% excess of Se.
Fan et al. [19] introduced polycrystalline p type
(Bi,Sb)2Te3 alloys with excess of Te prepared by
mechanical alloying and sintering in an activated
plasma environment. The effect of an excessive Te
content on the TE properties of Bi0.5Sb1.5Te3 and
Bi0.4Sb1.6Te3 alloys was studied. The figure of merit
decreased when the amount of excess Te increased
up to 8 wt%. This should be attributed to the fact that
the chemical composition of matrix phase displayed
its variations due to the presence of the excesssive
Te content and the free Te phase.

To analyze the doping effect on the structure, it
is necessary to review the basic structure of Bi2Te3.
The Bi2Te3-based crystals are made-up of atomic
layers in the order of Te(1)–Bi–Te(2)–Bi–Te(1) along
c axis [20]. Nevertheless, the (Bi2Te3)x(Sb2Te3)1−x

crystal consists of isomorphous compounds such
as Sb2Te3 and Bi2Te3. Adding elements as dopants
of nearly the same atomic size as the compound
atoms to a multi-constituent compound will change
the material transport properties, possibly in a con-
structive way. This allows the compound to acquire
desirable properties such as low thermal conductiv-
ity, an ability to control free carrier concentration,
an isoelectronic substitution of different metal ions
and decrease in the number of defects in a crystal
structure [21].

In this paper, the fabrication of (Bi2Te3)x

(Sb2Te3)1−x crystals (with x = 0.20, 0.25 and 0.30)
with an addition of Te up to 4 wt% for achieving
optimum TE properties was studied. The structures
of the (Bi2Te3)0.25(Sb2Te3)0.75 were characterized
by X-Ray Diffraction (XRD), Scanning Electron Mi-
croscopy (SEM), and Electron backscatter diffrac-
tion (EBSD). Atomic Force Microscopy (AFM) was
employed to check the quality of the grown crystal
and solid solution phase in the section perpendicular
to the direction of the crystal growth right through
the ingot core from the surface to the center. This
can be a new sensitive technique for crystal struc-
tures characterization by AFM images. TE transport
properties such as electrical and thermal conduc-
tivities and the Seebeck coefficient were measured.
The results showed that the crystal structure is con-
stantly modified due to an excessive addition of Te
up to 3 %.

2. Material and methods

P type (Bi2Te3)x(Sb2Te3)1−x compounds with
x = 0.2, 0.25 and 0.3 were fabricated. The
experimental details were briefly described in
[12]. The optimum chemical composition of
(Bi2Te3)0.25(Sb2Te3)0.75 was chosen and extra Te
at different fraction of weights up to 4 wt% was
added to improve it further. Before the fabrication,
Bi, Te and Sb were purified up to 5 N in a vacuum
system of 10−5 Torr. The degree of purity and the
chemical elemental analysis were evaluated by In-
ductively Coupled Plasma-Mass-Atomic Emission
Spectrophotometer (ICP-AES model ARL 3410+).
Atomic Absorption Spectroscopy (AAS) analysis
revealed that there were some fractions of undesired
elements in the samples. The analyses were con-
ducted on several elements (Cu, Fe, Ni, Pb and S)
by using Graphite Furnace (932 plus, GBC) detec-
tion.

Stoichiometric portion of the powder mixtures
for (Bi2Te3)0.25(Sb2Te3)0.75 and extra 0–4 wt% Te
were filled into a quartz tube; the tube was evacuated
below 10−5 Torr, followed by heating to 250 °C in a
cylindrical furnace to degas the container. Nitrogen
or argon gas was introduced into the vacuum system
to remove the reacting atmospheric gases such as
hydrogen and oxygen. This process assured that the
undesired reactions of the atmospheric gases with
other elements would not occur at the time when
the sintering was in progress. The evacuated tube
was sealed at the pressure of 10−4 Torr. The quartz
tube was placed in a rocking furnace at 700 °C
to achieve well stirred melted solid solution. The
solution molten in the tube was well stirred at 80 os-
cillations per minute parallel to the tube axis for one
hour to make a homogeneous melt with no segrega-
tion. The tube containing the molten solution was
quenched at a 200 °C in an oil tank. It was finally
cooled down to the room temperature. The solidi-
fied ingot was pulverized and filled into a quartz
tube of 300 mm length and 8 mm diameter. The
tube was evacuated again to 10−4 Torr and sealed,
then placed in a vertical melting-zone system and
was allowed to crystallize the compound at a rate
of 13 mm·h−1. To improve the homogeneity and
quality, the crystallized ingot content was annealed
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in the tube at 300 °C for 24 h, then cooled down to
room temperature for 5 h. Finally, the crystallized
ingot was removed from the tube for study.

The phase analysis was carried out by XRD
using a Phillips (30 kV, 20 mA) diffractometer with
CuKα radiation (λ = 1.5405 Å). Morphologies of
the samples were examined by a Cambridge SEM
operating at 25 kV.

The detection of unknown micrometer-sized
phases using the scanning electron microscope
(SEM) was limited due to system measuring range.
Crystallographic information about unknown micro
structure and morphology of the samples was de-
fined by Electron Backscatter Diffraction (EBSD).
This technique can provide the background to iden-
tify the unknown crystalline phases while exploiting
the excellent imaging capabilities of SEM.

The SEM and EBSD examinations were used to
evaluate the constituent phases of the samples with
and without extra Te but we did not find any differ-
ences. These techniques are not sensitive enough
to detect a change in the constituent phases or the
existence of subsidiary phases. To overcome this
problem Scanning Probe Microscopy (SPM) and
XRD were used.

SPM is a method to characterize the surface mor-
phology and nanostructure with high precision [22].
For more brittle TE samples, the force interaction
between the SPM tip and the sample surface must be
minimized to obtain non-destructive imaging. This
is done in a tapping mode imaging, which allows an
examination to be carried out without damages or
surface alteration. Tapping, that is oscillating can-
tilever probe on a soft or brittle surface, prevents
the surface from being damaged by eliminating the
lateral forces that exist inherently in a contact mode
(where the tip is simply dragged over the surface).
To record the AFM images, the cylindrical ingot
was cut in half lengthwise to produce two hemi-
cylinders.

SPM used in this study was a Solver Pro, (NT-
MDT Ltd., Moscow, Russia) that operates in a None
Contact-Atomic Force Microscopy (NC-AFM) also
called Tapping mode. The NC-G01S tips used were
compatible with most Scanning Probe Microscopy
SPM devices with a nominal force constant of
5.5 N·m−1. To record NC-AFM images, some sam-

ples were provided with a crystal material cleaved
along the growth direction.

The transport properties of TE element i.e. elec-
trical and thermal conductivities and the Seebeck co-
efficient were measured to determine the influence
of excess Te on the compound efficiency. Electri-
cal conductivity was determined by the bar method
using a laboratory made device. The measurements
were repeated by four point probe and by Hall effect
measurements. To prevent errors resulting from the
Peltier and Joule effects, the measurements were
made rapidly at time intervals shorter than 1s. The
thermal conductivity (κ), was defined on the basis
of the absolute value definition for semiconductors
by using the method described in [23].

The Seebeck coefficient (α) of the ingot is de-
fined from ∆V

∆T , taking into account the correction of
the thermocouples error, as suggested by [24]. The
∆V and ∆T measurements were carried out by two
thermocouples fixed on the ingot at a defined dis-
tance. One end of the ingot was heated with a tiny
coil heater, generating a temperature gradient from 2
to 3 °C·cm−1. At this point several measurements at
a defined interval were accomplished along the ingot.

3. Results and discussion
Structure formation was sensitive to chemical

stoichiometry, so the fractions of the elements in
the compounds had to be well defined. Character-
ization of the products was carried out by XRD,
SEM, EBDS and AFM. The preferred orientations
of grains in the crystals were studied by these me-
thods. The XRD patterns were recorded for differ-
ent weight fractions of Te added. However, because
of indistinguishable peaks positions of the formed
phases of Te, apart from insignificant variations
of the peak intensities, significant differences be-
tween the XRD patterns with extra Te were not
observed. Fig. 1 shows the XRD patterns from mid-
section of the (Bi2Te3)0.25(Sb2Te3)0.75 with 3 wt%
extra Te. Miller indices in Fig. 1 are taken from
XRD standard data sheet for Bi2Te3, Sb2Te3 and
Sb0.405Te0.595 phases. A combination of EBSD and
crystallographic XRD database is becoming a stan-
dard and sensitive technique for the identification
of unknown and semi-crystalline phases in a com-
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Fig. 1. XRD pattern of powdered (Bi2Te3)0.25
(Sb2Te3)0.75 sample with 3 wt% extra Te.

pound. A simple, but impractical approach to phase
identification would be to try each set of the data
base sequentially to see if the information in the
pattern could be simulated. However, it is important
to make a distinction between the phase identifi-
cation and phase verification. The main difference
between these two is the number of candidate phases
that are to be searched through to find whether they
match correctly to the unknown phase. In phase ver-
ification, the operator is aware of a phase present
in the sample and thus a very small number of
choices are to be made (usually less than 5). On
the other hand, in a true phase identification pro-
cess a large database of crystalline compounds is
searched through to make any correct recognition
with a little input from the operator, [25].

The XRD data sheet in Table 1 shows the in-
tensities of (015), (1010), (110), (0015), (006) and
(0210) planes that can be attributed to Bi2Te3,
Sb2Te3. Planes (0018) and (1019) were related to
Sb0.405Te0.595, which is an unstoichiometric com-
pound of the antimony telluride. It is possible to
attribute the unknown crystalline phases by index-
ing the recorded diffraction patterns from EBSD and
use the data from Table 1, [26]. Our data suggests
that the extra Te has a significant effect on a) the
structure and b) the TE properties of the formed
compounds.

3.1. Effect of extra Te on thermoelectric
crystal structures

Before adding extra Te into the samples, the
TE ingots contained an unintentional phase of
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(Sb0.405Te0.595). The Sb0.405Te0.595 phase can be-
have as a defect in the crystal rather than as a per-
fect crystal. This is due to the loss of stoichiome-
try in Te required for the constitution of a chemi-
cally stoichiometric compound. The loss arises from
low vapor pressure of Te or Te penetration into the
tube wall. Adding extra Te into the Sb0.405Te0.595
compound eliminated this deficiency but the single
phase (Bi2Te3)0.25(Sb2Te3)0.75 was formed at op-
timum addition only. In practice, phase formation
analysis shows no significant difference in the XRD
patterns or other analysis from different fraction
of Bi2Te3 and Sb2Te3 since the crystal structures
of Bi2Te3 and Sb2Te3 are the same, (rhombohedral)
and the lattice volumes nearly equal. In this case, the
theory has not predicted the differences in 2θ , lat-
tice constants and peak intensities between the XRD
patterns taken from different fractions of Sb2Te3
and the chemically unstoichiometric formed com-
pounds.

SEM was employed to identify the unknown
microstructure phases in the compounds. Figs. 2
(a and b) show selected SEM images of a sur-
face of the crystal cleaved along the crystal growth
direction (layer structure) in two different scales
and systems. The planes of growth are aligned ap-
proximately to the growth direction. In addition
to XRD and EBDS, numerous images taken by
SEM for the samples with different percentage of
extra Te, (at different scales and places) did not
show any distinguishable differences between the
images. To evaluate the constituent phases an at-
tempt was made with EBDS. Figs. 3 (a and b)
show the EBSD images that illustrate the constituent
phases in (Bi2Te3)0.25(Sb2Te3)0.75 samples without
and with 3 wt% extra Te, respectively. There is no
detectable difference in the figures either. Never-
theless, the images confirm the perfection of the
crystal. It has been concluded that the phase identi-
fication with different systems is not too very useful
to consider the effect of the excess Te. However,
from XRD spectra at large scale it may be possible
to evaluate the peaks displacements and intensities
interpreting the formed structures divergences.

Figs. 4 (a and b) illustrate representative AFM
images of a circular surface (perpendicular to the
growth direction) along the radius, 3 mm away from

(a)

(b)

Fig. 2. SEM images from a cleavage surface of the crys-
tal along the crystal growth direction parallel to c
axes at: (a) 500 µm; (b) 250 µm scales.

the centre. Figs. 4c–4d were recorded at the cen-
ter of a hemi-cylinder, which clearly shows a layer
structure that correlates with the results obtained
by SEM in higher precision. However, the structure
observed by AFM reveals the growth process of
crystallization in a more regular and perfect fashion.
Fig. 4 gives useful information on the microstruc-
ture features related to the TE behavior. The figure
shows that the growth process was regular and per-
fect. Analyzing the NC-AFM images in more details
requires taking into account the effect of artifacts
on the images. This is now one of the unresolved
problems which requires a lot of attention to be
removed.
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(a)

(b)

Fig. 3. EBSD patterns of (Bi2Te3)0.25(Sb2Te3)0.75 sam-
ples recorded directly on the film, (a) without
extra Te, (b) with 3 wt% extra Te.

3.2. Influence of extra Te on TE properties

Chemical composition has a big influence on the
carrier concentration and TE properties. Therefore,
the chemical stoichiometry has to be well defined,
through the use of analyzing methods such as AAS.
It is well known that (Bi2Te3)x(Sb2Te3)1−x crystal
shows strong anisotropy of TE transport properties.
Therefore, the crystal direction for measuring the
TE parameters should be considered. Anisotropy
variation affects the electrical and thermal conduc-
tivities and the Seebeck coefficient along the ingot
growth direction [27].

An efficiency of the TE element is expressed by
electrical and thermal conductivities and the See-
beck coefficient. Table 2 and Fig. 5 show the See-

Table 2. Summary data of the Seebeck coefficient,
electrical and thermal conductivities of
(Bi2Te3)0.25(Sb2Te3)0.75 and the fraction
of added tellurium 0–4 wt%, to the ingot.

Parameter/
Added Te

0 1 wt% 2 wt% 3 wt% 4 wt%

α(µV ·K−1) 228 230.5 232.5 235 229
σH
(
(Ω · cm)−1

)
1700 1600 1540 1490 1410

κ
(
W · (mK)−1

)
2.9 2.75 2.68 2.6 2.4

σH/κ(K ·V−2) 586.2 581.8 574.6 573.1 587.5
Z(×10−3K−1) 3.07 3.09 3.11 3.17 3.08

beck coefficients, electrical and thermal conductivi-
ties and the figures of merit of the crystal ingots with
the fraction of added tellurium of 0–4 wt%, to con-
firm the improvements of the TE properties through
the addition of Te. The figure permits an interesting
understanding of the obtained data. Excessive Te
0–4 wt% modifies the crystal structure, at optimum
of 3 wt% addition. Conclusions can be drawn by
evaluating the values of electrical to thermal con-
ductivities (σ /κ) ratios at different percentages and
maximum value of the Seebeck coefficient (α) pre-
dicted by theory. The Seebeck coefficient, as the
most important TE parameter for TE materials in
the extrinsic conduction region, is related to the hole
concentration for in a p type TE material as follows
[28]:

α =
kB

e

[
S+

5
2
+ ln

2(2πm∗kBT )
3
2

ph3

]
(1)

where kB is the Boltzmann’s constant, S the scatter-
ing parameter (S = 0 for lattice scattering and 2 for
impurity scattering), h is Plank’s constant, p the hole
density and m∗ effective carrier mass. This formula
shows that an increment of the Seebeck coefficient
can be achieved by decreasing the positive carrier
concentration (hole concentration) which results in
a reduction of antistructural defects and scattering
mechanism of free carriers. This can be achieved
by the addition of Te up to 3 wt% At a constant
temperature T , the Seebeck coefficient of p type TE
materials can be simplified as [29, 30]:

α = kB[S+C+ ln p]/e (2)
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(a) (b)

(c) (d)

Fig. 4. AFM images in tapping mode from a cleavage surface of the crystal along the crystal growth direction paral-
lel to c axes, (a) two-dimensional, (b) three-dimensional with 10 µm scale, 3 mm from the center along the
radius of hemi-cylinder (c) two-dimensional and (d) three-dimensional with 20 µm scale, at the center of
hemi-cylinder, respectively.

where C is a constant. It can be easily understood
that the high Seebeck coefficient of the material
arises from the low carrier concentration in the
sample.

Generally, TE properties change with tempera-
ture in fact with carriers transport in the ingots. On
the other hand, the excess Te has a sensitive influ-
ence on the variation in the carrier concentration.
Therefore, the TE properties at room temperature de-
pend not only on the crystal quality but also (much

more) on the carrier concentration. TE measurement
only at room temperature cannot give a satisfactory
evaluation of the crystal quality.

Based on these measurements, the figure-of-
merit (Z) at room temperature was evaluated by:

Z =
α2σ

κ
(3)

The Z values of 3.07 to 3.17×10−3K−1 at dif-
ferent percentage of Te added were obtained. The
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Fig. 5. Variations of α , σH , κ , σH/κ , and Z are illu-
strated for comprehensive study of the extra
Te effect on the TE transport parameters.

difference between these two values is about 3 %,
which seems to be within the range of accuracy of
the measurement devices. However, statistical errors
of the current measurement techniques for both elec-
trical and thermal conductivities and the Seebeck
coefficient are about 2–5 %.

4. Conclusions

(Bi2Te3)0.25(Sb2Te3)0.75 as a TE element was
fabricated. As the deficit of Te leads to the forma-
tion of unstoichiometric compound – Sb0.405Te0.595,
the extra Te (at the amount of 0 to 4 wt%) was
added to form (Bi2Te3)0.25(Sb2Te3)0.75 which is a
chemically stoichiometric compound. The structure
was tested by XRD, SEM, EBDS and AFM. More
effective analysis methods such as AAS and Elec-
tron Probe Micro-Analyzer (EPMA) are strongly
recommended to determine the exact chemical stoi-
chiometry and impurities at ppm scale for efficiency
improvement. The perfect nature of the crystal struc-
ture was confirmed by major improvement in the
TE transport parameters that validate the structure
modifications. TE parameters, electrical and thermal
conductivities and the Seebeck coefficient measure-
ments account for a higher quality of the crystals
at 3 wt% addition of Te to the compounds. It is
concluded that the purification processes of the TE
elements in particular sulfur refinement have an im-
portant effect on the TE parameters.
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