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Bi2Te3 has been recognized as an important cooling material for thermoelectric applications. Yet its
thermoelectric performance could still be improved. Here we propose a band engineering strategy by
optimizing the converging valence bands of Bi2Te3 and Sb2Te3 in the (Bi1xSbx)2Te3 system when
x = 0.75. Band convergence successfully explains the sharp increase in density-of-states effective mass yet
relatively constant mobility and optical band gap measurement. This band convergence picture guides
the carrier concentration tuning for optimum thermoelectric performance. To synthesize homogeneous
textured and optimally doped (Bi0.25Sb0.75)2Te3, excess Te was chosen as the dopant. Uniform control of
the optimized thermoelectric composition was achieved by zone-melting which utilizes separate solidus
and liquidus compositions to obtain zT = 1.05 (at 300 K) without nanostructuring.

Introduction
Since commonly used refrigerants (hydrochlorofluorocarbons)
were identified as ozone-depleting, there has been a worldwide
agreement to eliminate their production by 2030 [1]. Just recently,
another global agreement (Kigali deal) has been reached to cut
greenhouse (but non-ozone depleting) refrigerants (hydrofluorocarbons) starting in 2019. Progress towards these tasks can be aided
if current vapour-compression cooling is replaced by environmentally sustainable thermoelectric cooling. The development of
high-efficiency thermoelectric material, whose performance is
evaluated by its figure of merit, zT = S2sT/k, where S, s, T, and k
are the Seebeck coefficient, electrical conductivity, temperature,
and the thermal conductivity, respectively, is essential to make
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thermoelectric refrigerators more competitive than their ozonedepleting counterparts.
For decades, p-type Bi2Te3-Sb2Te3 alloys have been the best
candidates for cooling applications because of their high zT near
room temperature [2]. Among single-crystal (Bi1xSbx)2Te3, the
composition near x = 0.75 has been found to have the maximum
zT (0.87–0.9 at 300 K) [3,4]. Since then, many efforts have focused
on nanostructured polycrystalline (Bi0.25Sb0.75)2Te3 to improve
the zT by k reduction [5–8].
To further enhance zT in (Bi0.25Sb0.75)2Te3, optimizing both the
thermal and electronic properties will be required. Recently, a high
zT (1.86 at 320 K) was reported in (Bi0.25Sb0.75)2Te3 as a result of
thermal conductivity reduction by phonon engineering through
dislocations [6]. In addition to the reduced thermal conductivity,
excess Te and relatively low hole concentration probably leads to
charge carrier optimization of the electronic properties as well. The
maximum attainable electronic performance of a thermoelectric
material is proportional to the quality factor [9], which in turn
depends on the number of Fermi pockets (Nv) [10,11]. Because Nv is
not coupled to any other property related to zT, converging
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Materials and methods
Zone-levelling of homogenous (Bi0.25Sb0.75)2Te3+d oriented
crystals with excess Te
To understand band structure of (Bi1xSbx)2Te3 with pronounced
anisotropy [21], the transport properties carefully measured from
its textured or single crystal along the same direction are required
[22]. Among various methods to grow textured and/or single
crystals, simple solidification from the melt (Bridgman method)
works well for congruently melting systems, but for alloys this will
generally produce materials with a composition gradient as the
material solidifies and the composition of the liquid phase changes
[23,24]. This is due to the composition difference between the
solid and liquid phase at the growth temperature characterized by
the segregation coefficient k (concentration of a particular component in solid phase divided by that in the liquid phase).
Zone-levelling (shown schematically in Fig. 2) is ideal for producing homogeneous crystals in systems with segregation coefficients not equal to unity (k 6¼ 1) [25]. Unlike the Bridgman method
where the entire molten ingot solidifies from end to end, in zonelevelling only a portion (or zone) of the ingot is in the molten state
at any given time. The compressed air flowing below and above the
molten zone ensures sufficient temperature gradients for solidification and a smooth liquid-solid interface (Fig. 2a). The two
regions of different compositions (solute concentration) in the
ingot before the zone-levelling is depicted with a blue dashed line
in Fig. 2b. The initial composition is the liquidus composition (LC)
C0/k at the bottom of the ingot (with a length of the size of the
molten zone) and solidus composition (SC) C0 for the remainder of
the ingot. These compositions correspond to liquidus and solidus
composition in the ternary phase diagram of Bi–Sb–Te system at
the growth temperature of 890 K (more details in the section
‘‘Synthesis’’) (since k < 1 for (Bi0.25Sb0.75)2Te3 when Bi2Te3 is

FIGURE 2
FIGURE 1

Band related properties as a function of composition (x) for (Bi1xSbx)2Te3
at 300 K. (a) Density-of-states effective mass (red circle with error bars in
dotted lines) showing an abrupt peak (grey line as guide to the eye) while
the mobility prefactor (b) shows no such change at x = 0.75. (c) Brillouin
zone of Bi2Te3 (x = 0) showing hole pockets for the first valence band (in
purple) and for the second valence band (in green). (d) Semi-empirical
band structure (300 K) with the first valence band (purple line), second
valence band (green line), and the lowest conduction band (dark grey line).
For simplicity, the energy of the first valence band (purple) of Bi2T3 (x = 0)
is set to 0.0 eV. DE VB1 VB2 denotes energy difference between the first and
second valence bands. The energy gap between the lowest conduction
band (dark grey) and the highest valence band (purple for 0  x  0.75 and
green for 0.75  x  1) is the band gap Eg(x).

Apparatus and method of zone-levelling. (a) Schematic diagram of zonelevelling apparatus. A sealed ampoule with an ingot of liquidus
composition (LC in orange) and another ingot of solidus composition (SC in
grey) in contact is positioned at the centre of induction coil. The LC and SC
correspond to solute concentration of C0/k and C0 in (b), respectively. All
the LC ingot is currently in molten state (part of ingot in orange is within
the induction coil). For uniform mixing of solute, the sealed ampoule
rotates while moving downwards in a constant rate. (b) Concentration
profile for the zone-levelling method compared to normal freezing
(Bridgman method). Solute concentration of an ingot before zone-levelling
is shown in blue dashed line. That of another ingot before normal freezing
is in green dotted line. Resulting solute concentrations of crystals after
zone-levelling and normal freezing are expressed in blue and green solid
lines, respectively.
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separate carrier pockets provides a straightforward strategy for
improving zT [10]. While previous experiments on (Bi1xSbx)2Te3
assumed single band behaviour [3,12–14] when describing
the electronic properties, we show that convergence of multiple
bands is a viable improvement strategy in this system as well.
When using a single band model, the density-of-states effective
mass (m*) for the valence band can be calculated from the Seebeck
Pisarenko plot (S versus Hall carrier concentration) for each alloy
composition. A peak was found in m* at x = 0.75 [15,16] as shown
in Fig. 1a. Optical investigations [17] of single-crystal (Bi1xSbx)2Te3
confirmed the m* peak at x = 0.75 and concluded this was due to a
large increase in carrier pocket anisotropy and band flattening.
However, the single band theory has been shown to be unable to
explain the abrupt change in the effective mass [14], implying that
multiple bands and band convergence may be more reasonable.
Here we propose, providing additional evidence, that the high
zT at x = 0.75 is not due to sudden flattening of the valence band
to increase m*, but instead is due to the convergence of the two
different valence bands that cross as x changes (Fig. 1d). We
develop a two-band transport model for (Bi1xSbx)2Te3 alloys that
predicts further improvement in zT when the carrier concentration of (Bi0.25Sb0.75)2Te3 is carefully tuned. Preparing homogeneous, crystalline material by zone-melting, we observe a zT of
1.05 at 300 K. This value is higher than shown in other
reviews (zT  0.9) of single-crystal (Bi0.25Sb0.75)2Te3 [3,4], and
similar to Jiang et al. ((Bi0.26Sb0.74)2Te3) [18]. It is to be noted that
zT  1.05 is achieved without nanostructuring or external doping
[19,20].
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treated as a solute, C0 < C0/k). When the zone-levelling is performed on this ingot, the crystal has a solute concentration of C0
(SC) throughout the crystal as liquid LC freezes to SC except at the
top of the crystal where the molten zone is stopped (blue solid line
in Fig. 2b). Therefore, it is particularly important to control the
initial liquid-solid interface to coincide with the LC-SC junction
(between orange and grey regions of the ingot in Fig. 2a). For k 6¼ 1,
the normal freezing method (i.e. Bridgman method) would result
in a gradually changing solute concentration (green solid line in
Fig. 2b) and not a homogeneous ingot with the desired composition C0.
Although pseudo-binary phase diagram for Bi2Te3–Sb2Te3 can
be found in literature [3,23], to properly/reliably tune the carrier
concentration a ternary phase diagram of Bi–Sb–Te is required [22].
However, because a sufficient Bi–Sb–Te ternary phase diagram is
not available (only the liquidus projection has been studied [23])
numerous ingots with a single composition have been zonelevelled to characterize their solid (frozen) compositions. Only
those ingots (LC) which freeze (after being melted) to
(Bi0.25Sb0.75)2Te3+d (SC) are presented in this paper (as detailed
in the section ‘‘Synthesis’’ and Supplementary Information, Section 1). The LC ingots had higher Bi content than their corresponding SC ingots similar to what Caillat et al. [22] have reported
previously. Preparing a sealed ampule with both ingots of LC and
SC is illustrated in Fig. 3.
Parallelepiped (4 mm  1.5 mm  12 mm) and disk shape samples (6 mm diameter and 1.5 mm thick) were cut from the zonelevelled crystals for electrical resistivity, Hall effect, Seebeck coefficient and thermal conductivity measurements along the growth
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TABLE 1

Starting solidus and liquidus compositions for Te-excess
(Bi0.25Sb0.75)2Te3.
Samplea

LC/SC b

Bi (at.%)

Sb (at.%)

Te (at.%)

6.73E19

LC
SC

18.00
10.00

22.00
30.00

60.00
60.00

4.57E19

LC
SC

10.30
9.97

28.10
29.90

61.60
60.13

3.61E19

LC
SC

10.30
9.92

28.10
29.78

61.60
60.30

3.57E19

LC
SC

10.45
9.862

28.38
29.58

61.17
60.55

3.29E19

LC
SC

10.45
9.862

28.38
29.58

61.17
60.55

2.64E19

LC
SC

10.46
9.71

27.92
29.12

61.61
61.17

a
b

Sample name = nH of the resulting zone-levelled crystal at 300 K.
LC = liquidus composition, SC = solidus composition.

direction (Fig. 5b–e). The parallelepiped shape sample mounted on
an apparatus for measuring electrical resistivity and Hall coefficient is shown in Fig. 3g.

Synthesis
Samples of Te-rich (Bi0.25Sb0.75)2Te3 were synthesized from solidus
compositions (SC) of (Bi0.25Sb0.75)2Te3+d with d in the range of
0–0.0585 and liquidus compositions (LC) of (BiaSbb)2Te3+d with
b/a < 3 and d from 0 to 0.0585 as listed in Table 1. Elements of Bi,
Sb, and Te (99.999% purity metals basis) from Alfa Aesar were used

FIGURE 3

Schematic description of preparing a sealed ampoule with two ingots with different compositions in contact for zone-levelling and picture of cut crystal
after zone-levelling. All the sealed ampoules are under vacuum. Powder is depicted in spheres (a). Once the powder is melted in furnace (b) and quenched
in water an ingot is formed as in (c). Top of the ampoule in (c) is cut and SC powder is poured on top of the LC ingot (d). Only SC powder is melted while
keeping the LC ingot in room temperature (e). The ampoule in (e) is inverted upside down for the melted SC to flow down to LC ingot. As soon as the
melted SC is in contact with the LC ingot the entire ampoule is quenched in water to prepare a sealed ampoule with LC and SC in contact (f ). Picture of a
parallelepiped shape sample set up for electrical resistivity and Hall coefficient measurement (g). Inset shows the sample alone. More details regarding
thermoelectric properties characterization can be found in the section ‘‘Synthesis’’.
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to synthesize the SC and LC compounds separately. For both SC
and LC, stoichiometric amounts of each element were weighed in
air. They were then loaded into carbon coated quartz ampoules,
and evacuated to a pressure of 105 Torr. The SC and LC (in
sealed ampoules) were melted at 1073 K for 12 hours using a
vertical tube furnace, and rapidly quenched in water. The obtained
ingots were ground for 20 min using a mortar and pestle in an
Argon glove box to prevent oxidation of the ground powders.
To create the starting ingot for crystal growth, the resulting LC
powder was melted (in a quartz tube under 105 Torr) at 1073 K
for 5 min, and quenched in water (Fig. 3a–c). The newly formed LC
ingot (inside of the tube) was about 10–15 mm in length (green
ingot in Fig. 3c). The top of the sealed quartz tube (with LC ingot
still inside) was cut and SC powder (purple spheres) was placed on
top of the LC ingot as shown in Fig. 3d. The quartz tube was vacuum
sealed to 105 Torr yet again. While keeping the LC ingot at room
temperature, the SC powder (which slid to the bottom of the tube as
the tube was held upside-down) was melted at 1073 K for 5 min
(Fig. 3e). The upside-down quartz tube with melt SC was flipped and
gently shaken once or twice to ensure that the melt SC flowed down
to be in contact with the LC ingot. The instant that all the melt SC is
on top of the LC ingot, the whole tube was quenched in water as in
Fig. 3f. This ‘flip and quench’ step, which took less than 5 s, formed
an interface free of voids between the LC ingot (10 mm in length)
and SC ingot (70 mm in length).
The ampoule with LC ingot at the bottom and SC ingot on top
(as in Figs 2a and 3f) was zone-levelled with a home-built vertical
zone-levelling furnace [26] at 890 K with a solidification rate of
2.7 mm/hour. Temperature of the molten zone was measured by a
pyrometer (Modline 5, Ircon). A temperature controller (UP550,
Yokogawaka) controlled the power input to the induction coil to
keep the molten zone temperature at 890 K. The length of the LC
ingot (orange part in Fig. 2a) was controlled to be approximately
the length of the molten zone in the zone-levelling furnace by
adjusting the amount of LC powder in Fig. 3a. As the molten zone
passed through the LC ingot, the melt LC froze to a solid with a
composition of SC (k < 1). Because the composition of frozen solid
from the molten zone is the same as that fed into the molten zone
(SC ingot), this zone-levelling resulted in oriented polycrystalline
material with a homogeneous composition of SC.

Composition characterization
An iterative process was employed to determine the compositions
of LC and their corresponding SC. Each (BiaSbb)2Te3+d powder
(prepared as above) with different composition was melted (in a
quartz tube under 105 Torr) at 1073 K for 5 min, and quenched
in water (as in Fig. 3a–c). Final ingots (40 mm in length) were zonelevelled at 890 K with a growth rate of 2.7 mm/hour. Composition
of each crystal’s region where the first solidification happened was
examined by electron probe microanalysis (EPMA) (see Supplementary Information, Section 1). Only those samples which melt
and froze into Bi:Sb = 10:30 (at.%) with Te higher than 60 at.%
(SC) were used as LC to synthesize (Bi0.25Sb0.75)2Te3+d oriented
crystals (Table 1).

Thermoelectric transport properties characterization
Parallelepiped shape samples (4.0 mm  1.5 mm  12.0 mm) were
prepared for resistivity and Hall effect measurements under
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dynamic vacuum. Total of 5 contacts were made on the samples
to measure the resistivity (via 4-point method) and Hall effect
(with the 5th contact at opposite side of resistance voltage contacts) at the same time without having to change contact geometry
(Fig. 3g). A modified MMR technologies variable temperature Hall
measurement system with a 1.0 T field up to 520 K was utilized.
Disk shape samples (6.0 mm diameter and 1.5 mm thick) cut
from one end of the zone-levelled ingot piece for the parallelepiped samples were used in the Seebeck coefficient (house built) [27]
and thermal diffusivity (via Netsch LFA 457) measurements.
Errors in the fitted m* and m0 were estimated to be approximately 10% for both single parabolic band and two band models. For
example, the dotted lines in Fig. 1a,b were acquired from fitting
the m* and m0 to different data points in Fig. 4b,c and Figs S4–S6 in
Supplementary Information assuming a single band behaviour.

Results and discussion
Two valence band behaviour in p-type (Bi1xSbx)2Te3
The band structure of Bi2Te3 and Sb2Te3 has been extensively
studied [21,28–31] showing the bands and Fermi surfaces are
clearly complex with several distinct band extrema off the high
symmetry points (all on the plane containing the G, Z, U, A, F, L
points). The combination of complex band structure and anisotropic Fermi pockets (Fig. 1c) found in Bi2Te3 contributes to the
high S and s at the same time [32]. Different density functional
theory (DFT) methods predict different energies for the different
band extrema. On the basis of locations of valence band edges
[29,31] and calculated hole mass tensor parameters associated with
the valence band edges [31], Fermi surfaces for the relevant carrier
pockets of Bi2Te3 are schematically illustrated in Fig. 1c. The
second valence band (VB2, green ellipsoids in Fig. 1c) closest to
the first valence band (VB1, purple ellipsoids) in energy is also
shown (calculated DEVB1 VB2 (x = 0) is 27 meV from Ref. [31] and
3.8 meV from Ref. [29] – our fitted DEVB1 VB2 (x = 0) is 30 meV as in
Fig. 1d). Because both hole pockets for VB1 and VB2 lie in a mirror
plane of the Brillouin zone (ky–kz plane in Fig. 1c), they both have
threefold rotation and inversion symmetry; by being off the G–Z
line their degeneracies are Nv = 6.
Here we propose a semi-empirical band structure of
(Bi1xSbx)2Te3 alloys with two valence bands contributing to
transport (Fig. 1d), contrary to previous reports in which only a
single valence band was considered [15–17]. After Drabble showed
that a model assuming one valence band with Nv = 6 could be
made to fit galvanomagnetic measurements on single crystal of ptype Bi2Te3 (x = 0) [11], the band structure for alloys with higher Sb
content was also assumed to contain a single valence band.
Gaidukova et al. [16] determined the density-of-states effective
mass (m*) from measured Seebeck data of the alloys (0.5  x  1)
using the single parabolic band (SPB) model [33]. When Gaidukova et al. [16] plotted the m* against the composition (x), a peak
was observed at x = 0.75. A similar result was reported by Stordeur
et al. [17] where the m* and its components along different directions in k-space (as a function of x) were calculated from thermoelectric transport data and reflection spectra; they concluded that
the single valence band suddenly becomes heavy in one direction.
To understand the cause of the maximum m* at x = 0.75, we
have first conducted semi-empirical SPB modelling [33] on experimental Seebeck coefficient (S) and the Hall mobility (mH) from the
455
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FIGURE 4

Two-band related property as a function of composition (x) and transport
properties as a function of Hall carrier concentration (nH) for
(Bi0.25Sb0.75)2Te3 at 300 K. (a) Density-of-states effective masses (m*) (solid
lines are guide to the eye) used in the two-band (TB) model to calculate
Seebeck coefficient (S) (b) and Hall mobility (mH) (c). The TB model (orange
line) was fitted to the experimental results (empty circles in orange) and
the literature data from Refs. [16–18,54,55] (empty shapes in blue). The
result of SPB model (green line) was also plotted for comparison.

literature (0  x  1) and the samples prepared here (x = 0.75) to
extract single band m* and intrinsic mobility (m0, which scales
with mH) for different x (Fig. 1a,b). Because of the marked anisotropy of the layered structure of (Bi1xSbx)2Te3 (i.e. hexagonal
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crystal system) [21], only the S and the mH measured perpendicular
to the trigonal axis of single-crystal samples (c-axis in the hexagonal system) were used in the modelling (the zT perpendicular to
the c-axis is higher than that along the c-axis [34]).
The fact that the m0 does not change dramatically with x like m*
(Fig. 1b) suggests that the m* peak (Fig. 1a) is not due to a change in
band mass of a single pocket (mb ). For a Fermi surface consisting of
Nv equivalent conducting carrier pockets (or valleys in the band
structure) each with band mass, mb , the overall equivalent density2=3
of-states mass is given by m ¼ Nv mb . m0, on the other hand,
5=2
),
directly reflects the shape of the individual band (m0 / mb
and it does not depend on the total number of conducting bands
(Nv) in the same way that m* does.
According to Fig. 1a, where the m* peaks at x = 0.75 (equivalent
to previous results [16,17]), it can be said that Nv or mb (or even
both) peaks around x = 0.75. The absence of a dip in m0 at x = 0.75
(Fig. 1b) eliminates the possibility of mb drastically increasing at
x = 0.75 but instead suggests that the increase in m* is a result of
the Nv peaking around x = 0.75.
We postulate that convergence of two valence bands is responsible for the high Nv at x = 0.75. This hypothesis is supported in
angle-resolved photoemission spectroscopy (ARPES) results [35].
ARPES data on x = 0.75 by Kong et al. [35] suggest a superposition
of two valence bands from Bi2Te3 and Sb2Te3 [36]. The existence of
a second valence band has been reported for the end members
Bi2Te3 [37–39] (reported to be offset by 15 meV) [38] and Sb2Te3
[40–44] (reported to be offset by 150 meV) [41] from Shubnikov–
de Haas measurements. Because these valence band offsets
(DEVB1 VB2 (x = 0, 1)) were estimated at a low temperature
(4.2 K), they are likely to be different at 300 K (30 meV (x = 0)
and 10 meV (x = 1) at 300 K according to Fig. 1d). Band movements in energy with temperature of this magnitude (100 meV)
are observed in PbTe [45]. In addition, the unusual increase in Hall
coefficient of the composition x = 0.75 with temperature reported
in literature [22,46] could be described by taking a second valence
band into account [22]. Similarly, anomalous temperature dependence of plasma frequencies in (Bi1xSbx)2Te3 can only be
explained with the second valence band [47]. In our model of
band convergence, VB1 (purple line in Fig. 1d) and the VB2 (green
line in Fig. 1d) cross each other at x = 0.75 (for simplicity, energies
of both bands are assumed to vary linearly with composition x).
The energy differences between VB1 and VB2 for the end members
(Bi2Te3 and Sb2Te3) at 300 K are adjusted as fitting parameters
(DEVB1 VB2 (x = 0, 1) in Fig. 1d).
Besides DEVB1 VB2 (x = 0, 1), the composition-dependent energy
band gap Eg(x) between the lowest conduction band and the highest valence band was required to construct the band diagram for
(Bi1xSbx)2Te3 (Fig. 1d). The true optical energy band gap (at 300 K)
utilized here is from Sehr and Testardi [48]. They estimated it by
subtracting the Burstein–Moss shift from the observed energy band
gap, which was required because as x gets close to 1, the intrinsic
hole carrier density increases rapidly. As a result, the amount of
uncertainty in the estimate of the true gap increases as x approaches
1 [49]; for this reason, the data from Sehr and Testardi was used for
x < 0.75 only. On the basis of the Eg(x) (0  x  0.75), estimates for
DEVB1 VB2 (x = 0, 1), and proposed band convergence at x = 0.75
(DEVB1 VB2 (x = 0.75) = 0) the energies of the two bands for other
compositions were extrapolated as in Fig. 1d.

Transport properties calculated by the two-valence band model
We incorporated the band structure information given in Fig. 1d
into multi-band and nonparabolic-band [50] (due to its narrow
energy band gap [17,39]) modelling of the thermoelectric properties of (Bi1xSbx)2Te3. Approximately linearly varying density-ofstates effective mass (m*) and deformation potential (J  m01/2)
throughout the composition (x) for each valence band were determined by fitting them to S and mH (both as functions of nH for
0  x 1) under the acoustic phonon scattering [12] and alloy
scattering assumptions (Fig. 4a and Supplementary Information,
Section 3). A constant valley degeneracy (Nv) of 6 was used in all x
for both valence bands [29,51,52] (see Fig. 1c). Inter-valley scattering was taken into account by employing an effective deformation potential present in the acoustic phonon scattering relaxation
term [9]. Anisotropy in the Fermi pockets (mjj =m? 6¼ 1, where mjj
and m? are effective masses along the longitudinal and transverse
ellipsoid direction, respectively) of (Bi1xSbx)2Te3 (Fig. 1c), which
was obtained by Stordeur et al. [17], was included in the two-band
(TB) modelling (see Supplementary Information, Section 3). Stordeur et al. [17] assumed that a single valence band (Nv = 6) contributed to transport to calculate the anisotropy. Thus the
anisotropy that was obtained for the single band at x = 0.75 was
adopted in both valence bands in Fig. 1d for all x to minimize the
complexity. Lastly, the mH reduction due to alloy scattering was
also taken into account for alloy compositions (except x = 0 and 1)
[53]. The TB model results (orange line in Fig. 4b,c), those of the
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SPB model (green line), and experimental data are given in
Fig. 4b, c for x = 0.75 (see Supplementary Information, Section 4
for other x). Even though both TB model and SPB model closely
followed the measured S in all nH, the TB model was slightly better
at describing measured mH at nH > 1020 cm3.
Calculated density-of-states effective masses (m*) for both bands
in the TB model (Fig. 4a) decrease linearly with x (Fig. 4a). It should
be noted that, for example, at x = 0, mVB2 is heavier than mVB1
(Fig. 4a) but VB2 is lower than VB1 in energy (Fig. 1d). The mVB1 and
mVB2 decrease only by 5% and 15%, respectively as x increases
from 0 to 1. The greater change in mVB2 allows the lower energy
valence band (mVB2 for 0  x < 0.75 and mVB1 for the rest x) to stay
heavier than the highest band for all x (Figs 4a and 1d) despite the
bands crossing at x = 0.75. Literature on the band parameters of the
first and second valence bands in (Bi1xSbx)2Te3 was scarce to
support the reliability of the TB model for all compositions (x).
For example, Sologub et al. [51] could not determine relative
energies of the two bands in Bi2Te3 despite the band parameters
acquired for both bands from galvanomagnetic measurements.
However, Köhler et al. [42] tentatively extrapolated the m* of the
highest valence band for 0  x  0.6 (0.3 me) up to x = 1 with a brief
mention of the m* in the second valence band being comparable to
that estimated for Bi2Te3 (x = 0) by von Middendorff and Landwehr [38] for all x (1.25 me). In spite of the fact that the extrapolation of both the m* to x = 1 was based on a tentative assumption,
we could at least find that the second band being heavier than the

FIGURE 5

Thermoelectric transport properties of zone-levelled (Bi0.25Sb0.75)2Te3+d. (a) zT as a function of Hall carrier concentration (nH) for (Bi0.25Sb0.75)2Te3 at 300 K. The
experimental results (empty shapes in colours which are equivalent to orange circles in Fig. 4) and the literature data of Ref. [3] (empty diamond in grey),
and prediction from the TB model were plotted. zT (b), Seebeck coefficient (c), electrical conductivity (d), and thermal conductivity (e) are plotted as a
function of temperature.
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first band at x = 0 was in agreement with our results. For x = 0,
Kulbachinskii et al. [56] and Biswas et al. [37] confirmed that the
second valence band was heavier than the first band. While the m*
of the highest valence band in Sb2Te3 (x = 1) was deduced by von
Middendorff et al. [41], the lack of information on the m* of the
second band made direct comparison of the literature and our
study difficult. Nonetheless, the m* of the second band (mVB1 at
x = 1 in Fig. 4a) being heavier than that of first band (mVB2 ) at x = 1
was also reported by Kulbachinskii et al. [57].

Frontier Research Center funded by the U.S. Department of
Energy, Office of Science, Basic Energy Sciences under Award # DESC0001299. H.-S. Kim gratefully acknowledge financial support
from Samsung Advanced Institute of Technology (SAIT). H.-S. Kim
would like to thank fruitful discussions with Prof. Yanzhong Pei
(Tongji University) and Dr. Heng Wang (University of California,
Berkeley). Lastly, H.-S. Kim would also like to acknowledge the
time and efforts that Prof. Teruyuki Ikeda (Ibaraki University) has
put to build the zone-levelling furnace used in the lab.

Optimizing the zT at 300 K via carrier concentration control

Appendix A. Supplementary data

The carrier concentration of (Bi0.25Sb0.75)2Te3 was controlled via the
amount of excess Te. On the basis of the TB model and the lattice
thermal conductivity taken from Goldsmid [58] (kl = 0.97 W/m-K),
the zT (for x = 0.75) is predicted as in Fig. 5 (orange solid line) with its
maximum of 1.03 at nH = 1.4  1019 cm3 (300 K). However, when
stoichiometric (Bi0.25Sb0.75)2Te3 was synthesized with the liquidus
composition (LC) of Bi:Sb:Te = 18:22:60 in at.%, and solidus composition (SC) of Bi:Sb:Te = 10:30:60 (at.%) in reference to the pseudo-binary phase diagram [3] of Bi2Te3–Sb2Te3 the resulting nH was
close to 6.7  1019 cm3 (with zT  0.6, purple hexagon in
Fig. 5a,b). Because excess Te should suppress SbTe antisite defects
that produce holes [3] (and hence increase zT), attempts to produce
homogenous (Bi0.25Sb0.75)2Te3+d oriented crystals with excess Te
were made.
Experimentally, the 17–20% improvement in zT (1.05 at
nH = 2.6  1019 cm3) was achieved via carrier concentration tuning when compared to zT = 0.87 from Scherrer and Scherrer [3]
(empty grey diamond in Fig. 5a), and the zT of 0.9 (at 300 K) of Yim
and Rosi [4] (not be shown in Fig. 5 as its nH was not provided).
Similar zT was also achieved by Jiang et al. [18] for x = 0.74. From
the experimental Seebeck coefficient (Fig. 4b) its nH was estimated
using the SPB model (empty grey triangle in Fig. 5a) instead of the
much lower reported value which may be due to measurement
differences. The temperature-dependent transport properties of
the zone-levelled samples of (Bi0.25Sb0.75)2Te3+d are also shown
in Fig. 5b–e. Each sample was named with its Hall carrier concentration value (nH) at 300 K (Table 1).

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.mattod.2017.02.007.

Conclusions
In summary, the best zT performance from x = 0.75 in
(Bi1xSbx)2Te3 alloys is explained with two valence bands converging at x = 0.75. A two band transport model satisfactorily explains
the experimental thermoelectric transport data for (Bi1xSbx)2Te3
alloys within a framework consistent with low temperature measurements and theory indicating a complex band structure. On the
basis of the two-band model predicting higher zT for lower carrier
concentrations, a (Bi0.25Sb0.75)2Te3+d oriented crystal was fabricated via zone-levelling with excess Te. The successful suppression of
holes from SbTe anti-site defects results in a zT of 1.05 at 300 K. This
value is about 17% higher than the commonly known best zT for
(Bi0.25Sb0.75)2Te crystals. Further improvements in zT are expected
in fine-grained and nanostructured materials due to reduced lattice thermal conductivity.
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