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Recently reported nanostructured thermoelectrics have demon-
strated improvement in the figure of merit, ZT ) S2Tσ/κ,1 compared
to bulk ones by a decrease of thermal conductivity (κ) due to
nanoscale grain boundaries and/or an enhancement of the ther-
mopower (S) arising from quantum effects.2 In these reports, the
nanostructures were mostly fabricated by top-down methods,
notably by ball milling. Although smaller, more uniform and
morphology-controlled thermoelectric nanocrystals (NCs) have been
successfully prepared by different chemical approaches, most
reported ZT values or power factors (σ*S2) of chemically synthe-
sized thermoelectric NCs are not comparable with the values of
these top-down prepared thermoelectric NCs or bulk ones.1 It is
found that the relatively lower thermoelectric properties such as
lower electrical conductivity σ and/or lower thermopower S are
due in large part to inappropriate carrier concentrations. In
thermoelectrics, the optimization of carrier concentration is crucial
for better thermoelectric performance because the Seebeck coef-
ficient S, electrical conductivity σ, and thermal conductivity κ in
the ZT ) S2Tσ/κ are all highly dependent on carrier concentration.3

Although the adjustment of carrier concentration is extremely
important for the thermoelectric performance, there were very few
facile and effective bottom-up methods developed to adjust or
optimize the carrier concentration of thermoelectric nanomaterials.
One recently reported effective strategy is to adjust the carrier
concentrations of PbTe NCs by assembling with Ag2Te and PtTe2

NCs.4 This strategy successfully helped improve the carrier
concentration and electrical conductivity by several orders of
magnitude, but the resulting power factors still need further
improvement.

It was already pointed out that an appropriate carrier concentra-
tion, above 1019 cm-3, is the primary requirement for higher ZT.5

Recent reported carrier concentrations of chemically synthesized
Bi2Te3 NCs are of 1019-1021 cm-3, which are in the appropriate
region.6 However, the corresponding thermoelectric performances
are still low because their carrier concentrations still need further
optimization. In this report, we adjust the carrier concentration of
n-Bi2Te3 based NCs by introducing antisite acceptor defects through
forming different stoichiometric ternary Bi2-xSbxTe3 NCs during
the chemical synthesis. The carrier concentrations of these different
stoichiometric ratio ternary Bi2-xSbxTe3 NCs (x ) 0.02, 0.05, 0.10,
0.20, 0.50, and 1.5) have been adjusted by a factor of more than
10, and the corresponding power factors are improved three times.

The ternary Bi2-xSbxTe3 NCs were synthesized by reacting
dodecanethiol coordinated Bi and Sb precursors in stoichiometric
ratios (2 - x)/x, with freshly prepared trioctylphosphine Te in benzyl
ether solution at 150 °C under the protection of Ar gas (detail in

the Supporting Information).7 To achieve better thermoelectric
performance, especially electrical conductivity, and to be more
convenient for carrier concentration measurement, these Bi2-xSbxTe3

NCs were annealed at 380 °C under the protection of Ar, this
annealing condition is chosen based on the previous reports and
our own TGA experiments (Figure S1).

The XRD patterns of the vacuum-dried and annealed Bi2-xSbxTe3

NCs (x ) 0, 0.02, 0.05, 0.10, 0.20, 0.50, and 1.5) in Figure 1A and
B indicate that these Bi2-xSbxTe3 NCs with a low partial Sb/Bi
substitution level (x e 0.5) still possess an XRD pattern of Bi2Te3

NCs. There is no significantly observable peak shift found in these
Bi2-xSbxTe3 NCs compared to Bi2Te3 NCs because the lattice
parameters of Bi2Te3 and Sb2Te3 are very close. However, when x
) 1.5, the XRD pattern of Bi0.5Sb1.5Te3 NCs with a high partial
Sb/Bi substitution level is consistent with the standard data of
Bi0.5Sb1.5Te3 and shows peak shifts compared to Bi2Te3 NCs as
expected, based on standard data, which indicated the formation
of the ternary Bi2-xSbxTe3 solid solution. The actual elemental
composition of these Bi2-xSbxTe3 NCs (x ) 0, 0.02, 0.05, 0.10,
0.20, 0.50, and 1.5) was analyzed by ICP and listed in Table S1,
and the elemental composition of these NCs is close to the nominal
composition of the precursor solutions (see Supporting Information).
Furthermore, there were no significant X-ray diffraction peaks
related to oxidation and impurity phases found in these XRD
patterns. The XRD pattern evolution from the vacuum-dried (Figure
1A) to the annealed (Figure 1B) Bi2-xSbxTe3 NCs shows the peak
intensity increasing and the peak width narrowing after annealing,
as expected and similar to previous work.6

The average particle size of the vacuum-dried Bi2-xSbxTe3 NCs
is ∼50 nm as indicated in Figure 2 (and Figure 2S), which is
reasonably consistent with an average 30 nm grain size obtained
from peak broadening in the XRD pattern according to the Scherrer
equation (see Supporting Information). After annealing, the average
grain size is 40-50 nm according to XRD peak broadening, despite
the fact that some particles grow larger as shown in Figures S4
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Figure 1. XRD pattern of Sb doped bismuth telluride Bi2-xSbxTe3 NCs,
vacuum-dried (A) and annealed at 380 °C for 5 h under argon atmosphere
(B). The red bars are JCPDS standards for rhombohedral Bi2Te3 (72-2036).
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and S5. Since the nanoscale grain sizes are largely preserved, room
temperature lattice thermal conductivities are less than 0.8 W m1-

K-1, while the value for bulk Bi2Te3 is ∼1.2 W m1- K-1.
The thermoelectric properties of pressed pellets of annealed

Bi2-xSbxTe3 NCs are listed in Table 1. The Seebeck coefficient (S)
of Bi2Te3 NCs is -60.5 µV/K, which is larger than the value for
the Bi1.98Sb0.02Te3 NCs, -40.1 µV/K. While, the electrical con-
ductivity (σ) of Bi2Te3 NCs is 560 Ohm-1 cm-1, which is lower
than the 611 Ohm-1 cm-1 of Bi1.98Sb0.02Te3 NCs. This higher
electrical conductivity of Bi1.98Sb0.02Te3 NCs than Bi2Te3 NCs is
consistent with the corresponding lower Seebeck coefficient value.
When x > 0.02, Seebeck coefficients of Bi2-xSbxTe3 NCs increase
with the partial Sb/Bi substitution level x, as shown in Table 1.
The negative Seebeck coefficients of ternary Bi2-xSbxTe3 (x e 0.5)
NCs indicated that they are all n-type semiconductors, while the
Seebeck of Bi0.50Sb1.50Te3 NCs with a high Sb/Bi substitution level
became positive, which means that they change to p-type semi-
conductors. In general, in the given stoichiometric range, the
electrical conductivities of ternary Bi2-xSbxTe3 NCs decreased with
a partial Sb/Bi substitution level, x, as shown in Table 1, and the
decrease in electrical conductivities is offset with an increase of
Seebeck coefficients.

The measured room temperature Hall carrier concentrations of
the Bi2-xSbxTe3 NCs are listed in Table 1. The carrier concentration
of Bi2Te3 NCs is 1.96 × 1020 cm-3, and the power factor is 2.08
µW cm-1 K-2. Although this value is still much lower than the
best bulk value due to its lower electrical conductivity deriving
from low carrier mobility,2 it is already three times higher as the
previously reported power factor of chemically synthesized Bi2Te3

NCs.6 At the lowest Sb/Bi substitution level, x ) 0.02, the carrier
concentration increases compared to pure Bi2Te3 NCs, which may
be due to the increase of possible defects and vacancies introduced.
This increase of carrier concentration leads to a decrease of power
factor, which is consistent with previous reports.6 When x > 0.02,
the carrier concentration of ternary Bi2-xSbxTe3 NCs decreases with
the partial Sb/Bi substitution level x, and the carrier concentration
could be tuned from 2.24 × 1020 to 1.40 × 1019 cm-3. As a result,
the power factor (σ*S2) of the Bi0.5Sb1.5Te3 NCs is improved three
times compared to Bi2Te3 NCs, as listed in Table 1. The variation
of the power factor with carrier concentration demonstrates (a) that
the thermoelectric properties are tuned with adjustment of carrier
concentration and (b) that chemical synthesis can play a key role
in achieving this.

Here, we propose a plausible mechanism for the tuning of the
carrier concentration by partial Sb/Bi substitution. Previous and our
chemically prepared Bi2Te3 NCs are found to be n-type semicon-
ductors, which could be induced by a possible sulfur impurity or
tellurium excess during the chemical synthesis.6 Second, both Sb
and Bi tend to form antisite defects (Bi/Sb on the Te sublattice)
resulting in an acceptor role. Because of the closer electron affinity

between Sb and Te than between Bi and Te, a higher Sb content
induces additional antisite defects in these ternary Bi2-xSbxTe3 NCs.8

The Sb incorporation thereby reduces the negative carrier concen-
tration by compensating for the background free electrons in the
Bi2Te3 based NCs which is consistent with the observed carrier
concentration trend. These acceptor defects can even convert the
Bi2-xSbxTe3 NCs from n-type to p-type in the case of Bi0.5Sb1.5Te3

NCs, at very high partial Sb/Bi substitution levels. This behavior
is qualitatively the same as that commonly seen in bulk grown
crystals.

In conclusion, we demonstrated an effective method to tune
carrier concentrations of n-type Bi2Te3 NCs by forming different
stoichiometric ternary Bi2-xSbxTe3 NCs through chemical partial
substitution of Bi with Sb. The carrier concentrations of the ternary
Bi2-xSbxTe3 NCs were tuned by a factor of more than 10 through
different partial Sb/Bi substitution levels. The power factors of
ternary Bi2-xSbxTe3 NCs were improved more than 3 times with
the adjustment of carrier concentrations. Wet chemical alloying is
a workable procedure and could become a promising strategy for
the adjustment of carrier concentrations of other thermoelectric
nanomaterials in the bottom-up synthesis.
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available free of charge via the Internet at http://pubs.acs.org.
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Figure 2. TEM micrographs of vacuum-dried Bi1.80Sb0.20Te3 NCs (A) and
Bi0.50Sb1.50Te3 NCs (B) and HRTEM micrograph of vacuum-dried
Bi1.50Sb0.50Te3 NCs (C); the scale bar for (A) and (B) is 100 nm, and the
scale bar for (C) is 1 nm.

Table 1. Room Temperature Seebeck Coefficient (S), Electrical
Conductivity (σ), Power Factor (σ*S2), Carrier Concentration (N) of
Annealed Bi2-xSbxTe3 NCs

S
(µV/K)

σ
(Ohm-1 cm1)

σ*S2

(µW cm-1 K-2)
N

(cm-3)

Bi2Te3 -60.5 560 2.08 1.96 × 1020

Bi1.98Sb0.02Te3 -40.1 611 0.98 2.24 × 1020

Bi1.95Sb0.05Te3 -73.7 390 2.12 1.65 × 1020

Bi1.90Sb0.10Te3 -95.5 286 2.61 1.25 × 1020

Bi1.80Sb0.20Te3 -126.2 191 3.02 6.20 × 1019

Bi1.50Sb0.50Te3 -149.0 170 3.78 4.21 × 1019

Bi0.50Sb1.50Te3 256.6 110 7.21 1.40 × 1019
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