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Bi,SexTe;_x crystals with various x values were grown by Bridgman method. The electrical conductivity,
o, was found to decrease with increasing Se content. The highest o of 1.6 x 10° Sm~! at room temperature
was reached at x=0.12 with a growth rate of 0.8 mm h~'. The Seebeck coefficient, S, was less dependent
on Se content, all with positive values showing p-type characteristics, and the highest S was measured to
be 240 WV K- at x=0.24. The lowest thermal conductivity, x, was 0.7 W m~" K-1 at x=0.36. The electronic
part of k, k, showed a decrease with increasing Se content, which implies that the hole concentration
as the main carriers was reduced by the addition of Se. The highest dimensionless figure of merit, ZT, at
room temperature was 1.2 at x=0.36, which is attributed to the combination of a rather high electrical
conductivity and Seebeck coefficient and low thermal conductivity.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Bi;Tes-based alloys have been widely used as thermoelectric
cooling and heating materials [1-13]. The Bi;Te;-Bi;Se; com-
pounds are well known to have excellent thermoelectric properties
for n-type material. Many researchers have studied Bi,Tes-Bi,Ses
compounds in order to improve their figure of merit Z [4,5]. The Z
is a function of the thermoelectric power or Seebeck coefficient (S),
electrical conductivity (o) and thermal conductivity (k) as given by
Z=520/k. The n-type Bi,(TeSes) single crystal alloy have been usu-
ally used as thermoelectric cooling module due to its high figure
of merit. This single crystal alloy shows very high anisotropies on
thermoelectric properties, e.g.011/033 ~4,k11/k33 ~2[6]. Thus, the
ingot of single crystal exhibits the most excellent thermoelectric
performance along the crystal growth direction in c-plane. Mate-
rials grown by a directional solidification method, however, have
a disadvantage of poor mechanical properties because the basal
planes in this rhombohedral structure are weakly bonded by van
der Waals force and easy to cleave. The Bi,Te3-Se;Tes single crys-
tals are p-type semiconductorsin Bi, Tes richregion [7,8]. The single
crystals were grown by vertical zone melting by Sokolov et al. [9]
and reported that with increasing Bi,Ses in Bi,Tes at less than
20 mol% Bi,Ses, the S showed positive values (p-type conduction)
whereas that of higher than 20 mol% Bi,Se; showed negative val-
ues (n-type conduction). Kim et al. [10] found that in single crystal,
a p-n transition occurred at about 30 mol% Bi,Se3 whereas the
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hot-pressed specimens exhibited n-type conduction for all com-
positions. In the preliminary study of Bridgman method, it was
found that thermoelectric properties change drastically depending
on process parameters. In addition, the difference of carrier gener-
ation mechanism in Bi;SexTe3_y system by Bridgman method was
not clarified. In the present study, we studied the effect of Se con-
tent in Bi;SexTes_y (x=0.12-0.60) by Bridgman method on their
thermoelectric properties.

2. Experimental

Powders of Bi (-100 mesh, Aldrich), Se (-200 mesh, Aldrich) and Te (200 mesh,
Acros organics), all with purity of >99%, were employed as starting materials. The
appropriate amount of powders were weighed for Bi,Se,Tes_ (x=0.12-0.60) and
charged into a vial with tungsten carbide-balls as milling media under N, atmo-
sphere. Ball-to-powder weight ratio was held at 5:1. In order to reach homogeneous
mixing of the starting materials as well as to suppress possible losses of low melt-
ing point elements during the following process, as a pre-treatment, mechanical
alloying was conducted by superimposed rotational movement of grinding balls
in the vial at 180rpm for 48 h using planetary mill Pulverisette 5. X-ray diffrac-
tion (Shimadzu, XRD6000) was applied to ascertain the formation of alloy powders.
The Bi,SexTes_x crystal alloy was grown by Bridgman method in a sealed graphite
tube (inner dia. 20 mm) with a conical bottom. Powders were melted at 973 K for 7h
before growing the crystals at a rate of 0.8 mm h~! for all compositions. For the com-
position of x=0.12, the crystal was also grown at another rate of 3.0mmh-!. The
axial temperature gradient was estimated to be 2.4Kmm~"' in Bridgman furnace.
The grown crystals were about 40 mm in length and 65 g in mass. Specimens were
cut from the crystals parallel and perpendicular to the growth direction, which are
designated as longitudinal and transverse directions for electrical and thermal mea-
surements, respectively. The specimens with size of 4mm x 4 mm x 20 mm were
used for the measurement of Seebeck coefficient and electrical conductivity using
ZEM-2, Ulvac-Rikoin a helium atmosphere. The disk specimens with 10 mmin diam-
eterand 1 mm in thickness were measured for thermal conductivity using Laser flash
TC-7000, Ulvac-Riko in a vacuum atmosphere. All measurements were conducted
from room temperature to 503 K.
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Fig. 1. Fracture appearance of samples Bi,Seq 12Te,ss grown at a growth speed (a)
3.0mmh-! and (b) 0.8 mm h~', respectively.

3. Results and discussion

As an example, the compound of Bi,Sep1,Tezgg grown at a
growth speed 3.0mmh~! and 0.8 mmh~! are shown in Fig. 1(a)
and (b), respectively, which were either cleaved along the plane
parallel to the crystal growth direction.

Fig. 2 shows XRD patterns of Bi,Seq 1,Te; gg after mechanical
alloying (MA) and crystal growth in Bridgman furnace. The MAed
powders were identified to be a single phase of BiySeg1,Te;gs

Table 1
Lattice parameters a, c and volume of Bi,SexTe3_, crystals at various Se contents.

Specimen a(nm) c(nm) Volume (nm?3)
Biz Seo,]zTEZ,sg 0.4373 3.0428 0.5039
Bi,Sep24Tes 76 0.4368 3.0410 0.5025
BiySep3sTes64 0.4349 3.0248 0.4954
B12 560'43'[62'52 0.4338 3.0240 0.4928
Bi,Seps0Tez.40 0.4328 3.0136 0.4887

with broad peaks as shown in Fig. 2(a). Compared with the crys-
tal grown at 3.0mmh~! (Fig. 1(a)), the one grown at 0.8 mmh~!
(Fig. 1(b)) was cleaved with a much evener fracture plane paral-
lel to growth direction with its X-ray diffraction pattern shown
in Fig. 2(b). The XRD pattern showed planes of (006), (0015),
(1016)and (002 1)whichindicated that the ingots were not single
crystals, but consisted of very coarse grains with the (001) planes
aligned approximately parallel to the growth direction. The crys-
talsgrown at3.0mmh~'!and 0.8 mm h~! were cut along the growth
axis (longitudinal) as shown in Fig. 2(c) and (d), respectively. The
XRD patterns in longitudinal direction of these two crystals were
identified to have preferred orientation peaksin (0 0 ) planes which
were not observed in transverse direction as shown in Fig. 2(e). By
comparing the XRD patterns of longitudinal samples as shown in
Fig. 2(c) and (d), it is evident that the crystal grown at 0.8 mmh~!
shows more preferential orientation degree on c-plane than that
grown at 3.0mmh~1.

In order to identify the phase compositions and to calculate the
lattice parameters of the grown ingots, pieces were taken from
every ingot and ground to powders for XRD examination. Fig. 3
shows the XRD patterns of such powders of Bi;SexTe;_, at x=0.12,
0.24, 0.36, 0.48 and 0.60, respectively. Single phase of Bi,SexTe3_
was identified in the patterns of x=0.12, 0.24, 0.36. The preferen-
tially stronger reflections on the (001[) planes measured in all the
powder samples are indicative that the powder particles are flake
shaped and readily aligned on the (0 0!) planes when filled into the
sample holders. Most peaks shifted to higher angles with increas-
ing Se. Small peaks at 26 of 17.85°, 26.40° and 35.54° detected in
the samples x=0.48 and 0.60 were identified to be (006), (009)
and (0012) planes of Bi;SeTe, phase. This result demonstrates
that a small amount of Bi,SeTe, secondary phase was formed in
Bi;SexTe;_ at x> 0.48. The mixture of two-phases also occurred
in BiSexTes_y at x=0.39-1.0 as shown in the phase diagram of the
Bi;Te3—Bi,Se; with zone-melted samples reported by Sokolov et al.
[9]. The second phase of Bi,SeTe, also shows preferred orientation
in (001) planes. Lattice parameters of Bi,SexTe;_, were calculated
from the XRD patterns and summarized in Table 1. Both the values
of a and c decreased with increasing Se concentration. This is easily
understood that the substitution of Te atom with smaller Se atoms
in Bi;Te3 resulted in lattice shrinkage.

Fig. 4(a) shows the morphology of a grown crystal with about
40 mm in length and 20 mm in diameter. Fig. 4(b) and (c) shows
the SEM fractographs of grown crystal in transverse direction. The
grains were arranged in layered crystallographic structure and the
Te(1)-Te(1) layers are bonded by van der Waals force [11]. The
grains cleave easily from c-planes between Te(1)-Te(1), as revealed
in Fig. 4(d) and (e). It is evident that the grains in the ingots
grown under Bridgman conditions crystallized preferentially with
the basal c-planes parallel to the growth direction.

Fig. 5 shows the temperature dependence of electrical conduc-
tivity (o) of BiySexTes_y (x=0.12-0.60) in longitudinal direction.
The o of all specimens decreased with increasing temperature
exhibiting metallic conduction. Among the crystals grown at the
same rate of 0.8 mmh~!, the o value of x=0.12 was the highest in
the entire testing temperature range, withavalue of 1.6 x 10° Sm~!
at room temperature. It is interesting to note that, when the
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Fig. 2. XRD patterns of Bi;Seq 12 Te; gg compounds: (a) as MAed powders (b) cleaved fracture surface (as shown in Fig. 1(b)) at a growth speed 0.8 mm h~', the cut and polished
sample surface along (c) longitudinal direction at a growth speed 3.0mmh-1, (d) longitudinal direction and (e) transverse direction at a growth speed 0.8 mmh-1.
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Fig. 3. XRD patterns of pulverized grown Bi,Se Tes_, crystals at (a) x=0.12, (b) x=0.24, (c) x=0.36, (d) x=0.48 and (e) x=0.60, respectively.
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Fig. 4. Optical and scanning electron microscopic images of Bi,Seg 12 Te, gs crystals (a) ingot, ((b) and (c)) perpendicular and ((d) and (e)) parallel to growth axis.

crystal growth rate was increased from 0.8 mmh~! to 3.0mmh-1,
the o value of the material with x=0.12 was drastically decreased,
for almost twofold at room temperature. This is attributed to pref-
erentially orientation of the crystal along basal c-planes. The o in
the c-plane are 4 times larger than the c-axis in Bi; Te3-based alloys
[6]. The higher o found in the crystal grown at 0.8 mmh~! was due
to the higher oriented texture, as evidenced by the XRD results in
Fig. 2.

By comparing the o values of the samples with various concen-
trations of Se, as shown in Fig. 5, it is clear that the o decreased
with increasing Se content. The increase in the concentration of
atoms of Se incorporated in the lattice leads to an decrease in the
hole concentration. This result is due to the nature of point defects
presentin the crystal when Se atoms are incorporated. The Se atoms
are substituted on the Te(2) sites and that bond polarity Bi-Se(2)
is smaller than the bond polarity Bi-Te(2) [12]. If the number of
Bi-Se(2)bondsincrease, then the average bound polarity decreases.
According to Horak et al. [ 13] the formation energy of antisite defect
Bire is directly proportional to the bond polarlity in the crystal. We
can conclude that the concentration of anion vacancies increases
with the content of Se atoms [13].

Fig. 6 exhibits the temperature dependence of Seebeck coef-
ficient (S) of BiSexTes_y (x=0.12, 0.24, 0.36, 0.48 and 0.60). The
S of all compositions demonstrated positive values showing p-
type conduction. The S of all specimens slightly decreased with
increasing temperature from room temperature to 400K and then
decreased considerably with increasing temperature. The S was
independent of Se content. At room temperature, the highest S was
measured to be 240 uVK-! at x=0.24.

Fig. 7 shows the plot of log (oT) versus 1/T for all sam-
ples. The relationship between log(cT) and 1/T is non-linear in
the whole temperature range measured. The log(aT) was found
to decrease with (1/T) the temperature range of 300-400K,
showing metallic conduction that means free holes in con-
duction band have sufficient energy to move. However, at
temperatures above 400K, the values of log(oT) either remain
constant or show an increase with (1/T), which implies that
small polaron hopping conduction mechanism occurred at
high temperature. For hopping mechanism, electrical conduc-
tivity can be given as: o=nea?(A/T)exp(— E,/kT), where n, e,
a, k, E, and A are the carrier concentration, electron charge
of carrier, intersite distance of hopping, Boltzmann constant,
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Fig. 5. Temperature dependence of electrical conductivity of Bi,Se,Tes_, with var-
ious x.

activation energy, and a pre-exponential term related to the
scattering mechanism, respectively. The values of activation energy
can be calculated from the slope of plot. For the samples of x = 0.48-
0.60, the log (oT) slightly increased with increasing temperature
implied to be semiconductor behavior. In Bi;SexTe;_, studied
herein, it can be concluded that with increasing Se content, hole
carrier concentrations decrease and the alloys become hopping
conduction.

Fig. 8 exhibits temperature dependence of thermal conductiv-
ity (k) of BiySexTes_y at various Se contents. The « of x=0.12-0.48
increased with increasing temperature whereas that of x=0.60
decreased with increasing temperature. According to the defini-
tion of figure of merit, a low « value favors the performance of a
thermoelectric material. The lowest « of 0.7 Wm~! K~1 was found
in the sample of x=0.36. The « can generally be decomposed into
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Fig. 7. log(oT) versus 1/T plots of Bi;Se,Te;_x at various x.

two parts, one from the electronic contribution (k) and another
from the lattice vibration (k;). Actually, electronic contributions
are the dominant factor in thermal conduction. They are easily
excited into the conduction band and the electrons can transfer
thermal energy. Thus, the relationship between thermal and elec-
trical conductivity can be expressed as k,/(oT)=L. This is called the
Wiedeman-Franz relationship, where L is the Lorentz constant. So
the lattice contribution can be obtained by k; = k¢ — ke;. The com-
position dependence of k¢ and k,; are shown in Fig. 9. The kot
decreased with increasing Se content from 2.2 to 0.7Wm~! K~!
at x=0.12-0.36 and then increased sharply to 2.5-3.2Wm~! K- 1at
x=0.60 and 0.48, respectively. The plot between «,; and composi-
tion shows that «,; decreased with increasing Se content. It can be
attributed to hole carrier concentration reduced when Se content
increased. The thermal conductivity at x=0.12-0.36 come from the
electronic contribution around 40-60% whereas that at x=0.48 and
0.60 come from the lattice vibration around 90%.
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Fig. 8. Temperature dependence of thermal conductivity of Bi,Se,Tes_, at various
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Fig. 10. Temperature dependence of ZT of Bi,SexTes_ at various x.

Fig. 10 shows temperature dependence of dimensionless figure
of merit (ZT). The quality of thermoelectric materials was described
by a ZT which is calculated from the equation of ZT=a20T/k. The
ZT of all specimens decreased with increasing temperature. The

maximum value of ZT was 1.2 at x=0.36 and at room temperature
because of combination of a rather high electrical conductivity and
Seebeck coefficient and low thermal conductivity.

4. Conclusions

Bi,SexTe;_y compounds with various x values were prepared
by Bridgman method. The electrical conductivity was found to
decrease with increasing Se content. All samples show p-type con-
duction and metallic behavior. The Seebeck coefficients of the alloys
were found to be independent of Se content. The lowest ther-
mal conductivity, k, was at x=0.36 around 0.7Wm~1K-1. The «,
decreased with increasing Se content that implied that hole carrier
concentration reduced when Se content was added. The highest of
dimensionless figure of merit (ZT) was measure to be 1.2 at x=0.36
and at room temperature due to the combination of a rather high
electrical conductivity and Seebeck coefficient and low thermal
conductivity.
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