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Abstract: The energy efficiency of heat engines could be improved by the partial recovery of waste heat
using thermoelectric (TE) generators. We show the possibility of designing nanostructured TE materials
using colloidal inorganic nanocrystals functionalized with molecular antimony telluride complexes belonging
to the family of Zintl ions. The unique advantage of using Zintl ions as the nanocrystal surface ligands is
the possibility to convert them into crystalline metal chalcogenides, thus linking individual nanobuilding
blocks into a macroscopic assembly of electronically coupled functional modules. This approach allows
preserving the benefits of nanostructuring and quantum confinement while enabling facile charge transport
through the interparticle boundaries. A developed methodology was applied for solution-based fabrication
of nanostructured n- and p-type Bi2-xSbxTe3 alloys with tunable composition and PbTe-Sb2Te3 nanocom-
posites with controlled grain size. Characterization of the TE properties of these materials showed that
their Seebeck coefficients, electrical and thermal conductivities, and ZT values compared favorably with
those of previously reported solution-processed TE materials.

1. Introduction

Thermoelectric (TE) energy conversion is a very attractive
method for environmentally benign cooling and for recovering
energy from a waste heat. The limited presence of TE devices
on the marketplace is mainly the result of low thermoelectric
figures of merit (ZT) for known TE materials. A practical TE
material should combine high Seebeck coefficient (S, also known
as thermopower), high electrical conductivity (σ), and low
thermal conductivity (κ): ZT ) S2σT/κ, where T is the absolute
temperature. The power factor P ) S2σ determines the electric
power that can be generated by a given TE material.1

Bismuth telluride (Bi2Te3) based alloys are among the most
studied TE materials. They produce ZT ≈ 1 and efficiencies
∼10% of the Carnot limit, whereas ZT ≈ 4 is required for a
TE device that is competitive with alternative technologies such
as combustion engines and compressor-based refrigerators.2-4

To overcome the limitations of bulk semiconductors, the focus
of TE research has recently shifted toward low-dimensional
materials.3,5-7 The expectations originate from (i) the reduction

of lattice thermal conductivity due to phonon scattering at the
grain boundaries, without significant deterioration of electrical
conductivity (i.e., the concept of “electron crystal-phonon
glass”)8 and (ii) the increase of S and correspondingly of the
power factor S2σ due to quantum confinement9,10 or through
energy filtering.11,12 Humphrey and Linke derived the conditions
under which reversible diffusive electron transport could be
achieved in nanostructured TE materials.13 Harman et al.
observed ZT ≈ 1.6 in a PbSexTe1--x based quantum dot
superlattice grown by molecular beam epitaxy (MBE);14 Ven-
katasubramanian et al. reported ZT ≈ 2.4 in a p-type MBE-
grown Bi2Te3/Sb2Te3 superlattice.15 These studies provided a
proof of principle, but their practical use was hampered by
complicated and expensive fabrication techniques. The techno-
logical future of TE materials lies in the ability to fabricate
“bulk” nanostructured TE materials in scalable quantities
(kilograms or even tons). Important steps toward cost-effective
nanostructured TE materials were reported by the Kanatzidis
group, who prepared n-type AgPbmSbTe2+m (LAST)16 and
p-type Na0.95Pb20SbTe22 (SALT)17 by high-temperature solid-
state synthesis, yielding ZT values of ∼1.7 and ∼1.6, respec-
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tively. High ZT values originated from unusually low thermal
conductivity caused by nanoscale inclusions spontaneously
formed in the host material during crystallization. In 2008
Poudel et al. reported that simple grinding of bulk (Bi,Sb)2Te3

ingots followed by hot-pressing the nanoscale grains back into
a pellet produced a material with ZT ≈ 1.4 at 100 °C,18 which
is the record number for (Bi,Sb)2Te3. The same group later
extended this approach to p-SiGe, demonstrating 50% increase
in ZT up to ∼0.95 at 800 °C.19

Thin-film TE generators using 30-100 µm thick semicon-
ductor layers allow for a high power density per unit area
combined with light weight,20 given that an efficient heat sink
is provided. At the same time, it is technologically challenging
to fabricate such devices from bulk crystals obtained via
conventional solid-state synthesis of TE semiconductors. In this
case, solution deposition of the TE material might be very
convenient, especially for nonplanar geometries such as a wall
of engine combustion chamber. Furthermore, solution-deposited
thin film TE materials can also find several important niche
applications, such as temperature sensors using Seebeck voltage
readouts21 and integrated microdevices. Microintegrated Peltier
devices (microcoolers) used to stabilize thermally sensitive
components in microelectronics, lasers, and infrared detectors22,23

would require ∼1-10 µm thick films deposited on insulating
substrates and patterned by conventional lithography and
etching. The possibility of low-temperature solution deposition
is also very attractive for manufacturing such devices on flexible
substrates such as Kapton polyimide.24 These small TE devices
can also perform opposite functions if used as microgenerators
for low-power applications such as hearing aids and wristwatches.

Semiconductor nanocrystals (NCs) with precisely tailored size
and shape are promising candidates for nanostructured TE
semiconductors.25 The phonon scattering can be optimized by
controlling grain sizes, interfaces, and chemical compositions.
At the same time, reported efforts to make TE materials from
chemically synthesized NCs revealed serious challenges mainly
associated with the presence of organic molecules (surface
ligands) at the NC surface. Being vitally important for NC
synthesis, these ligands are highly insulating and hamper
electrical conductivity of NC solids. The crude removal of
surface ligands by thermal treatments usually leaves carbon-
aceous residues26 or chemical impurities behind, creating midgap

trap states27 or leading to NC sintering.28 As a relevant example,
colloidal thiol-capped Bi2Te3 NCs, 2.5-10 nm in size, generated
an undesired Bi2Te2S phase with modest TE characteristics upon
annealing.29 Dirmyer et al. prepared Bi2Te3 nanostructured
material without detectable amounts of Bi2Te2S by annealing
larger, 20-100 nm, thiol-capped Bi2Te3 NCs30 and, to the best
of our knowledge, provided the first detailed characterization
of colloidally prepared Bi2Te3 TE materials. Very recently,
Scheele et al. reported a preparation of n-type Bi2Te3 pellets
from colloidal NCs with ZT ≈ 0.2 at room temperature31 and
Wang et al. reported solution-processable precursors to bismuth
chalcogenides with ZT ≈ 0.4.32 We found no relevant references
on designing bismuth-antimony-telluride (Bi,Sb)2Te3, which
is the workhorse material for TE cooling applications, from
colloidal NCs.

We have recently developed a novel, generalized approach
to create all-inorganic NC solids by the complete replacement
of organic ligands with inorganic molecular metal chalcogenide
complexes (MCCs).33 Acting as an “electronic glue”, MCC
ligands greatly improved interparticle charge transport in
metallic and semiconducting NC solids. Furthermore, MCCs
themselves can be used as the precursors for a high-purity
semiconductor phase.34 Here we employ this new surface
chemistry for fabricating nanostructured PbTe, Bi2Te3, and
Sb2Te3 phases known as superior TE materials.3 In the first
approach, antimony telluride Zintl ions (further referred to as
Sb2Te3-MCCs) are used as the capping ligands for monodisperse
PbTe NCs. In the second approach, we perform solid-state
chemical transformation to convert sulfide NC precursors into
telluride nanocomposite material via S2--to-Te2- anion ex-
change, e.g., by reacting Sb2Te3-MCCs containing excessive Te
with PbS or Bi2S3 NCs. Single-phase (Bi, Sb)2Te3 alloys and
biphase PbTe/Sb2Te3 were prepared using this approach. We
demonstrate high electrical conductivity, high Seebeck coef-
ficients, and control over p- and n-type doping for (Bi,Sb)2Te3

thin films.

2. Experimental Section

Chemicals. All manipulations were carried out using standard
Schlenk line techniques and nitrogen-filled gloveboxes. Oleic acid
(OA, technical grade, Aldrich), bismuth(III) acetate (BiAc3, 99.99%,
Aldrich), lead acetate trihydrate (PbAc2 ·3H2O, Aldrich), squalane
(99%, Aldrich), 1-octadecene (ODE, 90%, Aldrich), trioctylphos-
phine (TOP, 97%, Strem), antimony(III) telluride (99.999%, Alfa),
tellurium (shot, 99.999%, Aldrich), sulfur (99.998%, Aldrich),
dimethyl sulfoxide (anhydrous, 99.9%, Aldrich), hydrazine (anhy-
drous, 98%, Aldrich), acetonitrile (anhydrous, 99.8%, Aldrich), and
hexane (anhydrous, 95%, Aldrich) were used as received.

Synthesis of Sb2Te3-MCCs and Sb2Se3-MCC. Finely ground
Sb2Te3 (250 mg, 0.4 mmol) and a 4-fold molar excess of Te (1.6
mmol, 204 mg) were dissolved in N2H4 (10 mL) inside a glovebox,
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forming a dark brown solution after stirring for 10 days at room
temperature. Caution! Pure hydrazine is a toxic and flammable
chemical and must be handled with care. The resulting solution
was filtered through a 0.2 µm PTFE filter to remove traces of
undissolved material. Soluble Sb2Se3 precursor was prepared
similarly to the procedure described by Milliron et al.35 Sb2Se3

powder (480 mg, 1 mmol) and Se/N2H4 solution (2 mL, 0.5 M)
were combined and formed a clear red solution after 2 days of
stirring at room temperature.

Nanocrystal Synthesis. PbTe NCs were prepared by a slightly
modified version of the procedure of Urban et al..36 See details in
the Supporting Information.37 PbS NCs capped with oleic acid were
synthesized according to the procedure developed by Hines et al.38

The synthesis of Bi2S3 NCs is described in the Supporting
Information.

Preparation of PbTe NCs Capped with Sb2Te3-MCCs. A two-
phase mixture was prepared inside a glovebox by combining
purified PbTe NCs in toluene (0.5 mL, 0.05 M referring to Pb),
hexane (6 mL), Sb2Te3-MCCs (0.3 mL, 0.04 M referring to Sb),
and hydrazine (4 mL). The obtained solution was stirred for no
longer than 10-20 min, until the hexane phase became colorless,
indicating the completion of the ligand exchange process. The upper
organic phase was discarded and the hydrazine solution was washed
three times with anhydrous hexane and filtered through a 0.2 µm
PTFE filter. A purified hydrazine solution of PbTe NCs function-
alized with Sb2Te3-MCCs was mixed with acetonitrile in a 2:1
volume ratio, which induced the flocculation of PbTe NCs. After
centrifuging, the supernatant containing excessive Sb2Te3-MCCs
not bound to the NC surface was discarded and the NCs were
redispersed in 1 mL of hydrazine, forming a stable colloidal
solution.

Preparation of Bi2S3 NCs Functionalized with Sb2Te3-MCCs.
A solution of Bi2S3 nanorods in toluene (0.5 mL, 0.032 M referring
to Bi2S3 formula unit) and hexane (8 mL) were combined with
Sb2Te3-MCCs in N2H4 (0.3 mL, 0.08 M referring to Sb) and an
additional 2.5 mL of N2H4. The solution was vigorously stirred for
5-15 min, until the transfer of nanorods into the N2H4 phase was
completed. The organic phase was discarded, while the N2H4 phase
was rinsed three times with anhydrous hexane and filtered through
a 0.45 µm PTFE filter. Only freshly prepared solutions were used
for the fabrication of (Bi,Sb)2Te3 thin films. The Bi:Sb molar ratio
can be adjusted by tuning the ratio of Bi2S3 nanorods to Sb2Te3-
MCCs, while providing a sufficient amount of Te to replace S. If
necessary, additional Te can be added in the form of a solution of
elemental Te in N2H4. In this study, all samples contained 60 (
10% of Bi2Te3. To prepare Se-doped material, 10 mol % of Sb2Se3

was added to the above solution.
Preparation of PbS NCs/Sb2Te3-MCCs Solution. This was

prepared analogously to the above example of Bi2S3 nanorods. PbS
NCs in toluene (0.2 mL, 0.33 M referring to Pb) and hexane (4
mL) were combined with Sb2Te3-MCCs in hydrazine (0.38 mL,
0.06 M referring to Sb) and hydrazine (2.5 mL), followed by the
same washing procedure.

Fabrication of Thin Film Devices. The above-described NC-
MCC solutions will hereafter be referred to as “NC-inks”. All
samples for electrical conductivity and thermopower measurements
were fabricated on glass substrates. Ti/Au contacts were either
prepatterned on the substrate prior to deposition (bottom contacts)
or were thermally evaporated after the film formation (top contacts,
no Ti adhesion layer). In both cases the same channel length of 3

mm and width of 5 mm were maintained. Substrates were freshly
hydrophilized by 15 min treatment with oxygen plasma. The NC-
ink was then deposited by drop casting at 80 °C or by spray coating.
The homogeneity and thickness of the drop-cast films were adjusted
by controlling the volume and the concentration of NC-ink. 1-10%
v/v DMSO was usually added to N2H4 solutions to improve the
homogeneity of drop-cast films. For spray coating, glass substrates
were placed on a hot plate at 100-200 °C, while a (Bi,Sb)2Te3

NC-ink solution was applied at a sprayer pressure of 15-20 psi
using N2 as a carrier gas. The film thickness was adjusted by the
number of applied spraying cycles, typically 5-80. As-deposited
(Bi,Sb)2Te3 films were heated at 300 °C/h and annealed at 300 °C
for 15 min, followed by slow cooling to room temperature.

Structural and Optical Characterization. Experimental details
related to the structural and optical characterization are provided
in the Supporting Information.

Electrical Conductivity and Thermopower Measurements.
The conductivity of NC films was measured using conventional
two- and four-probe configurations and gold as the electrode
material. The accurate thickness and roughness of the samples used
for electrical measurements were obtained by atomic force micros-
copy (AFM), using a Veeco Nanoscope IIIa scanning probe
microscope (Digital Instruments), as illustrated in Figure S1.37

The thermopower measurements were carried out in the 295-523
K temperature range using the homemade setup shown in Figure
S2.37 In order to determine the Seebeck coefficient, a temperature
gradient (∆T) of 0-20 K was applied across the sample by two
platinum heating elements (Case Western University Electronic
Design), powered by a Keithley 2400 source meter. The temperature
gradient was measured by two resistive temperature detectors
(RTDs, Omega) on an identical substrate symmetrically positioned
close to the actual sample. A Keithley 2400 source meter and an
Agilent 34410A multimeter operated by LabView were used for
data acquisition. The open circuit voltage VOC was measured as a
function of ∆T, while the Seebeck coefficient was estimated as S )
-dVOC/dT, meaning that the higher potential at the cold side corre-
sponds to a positive Seebeck coefficient (i.e., p-type material).

Thermal Conductivity Measurements. The thermal conductiv-
ity (κ) was measured in a temperature range from 298 to 575 K
using the flash diffusivity method (LFA 457 laser flash apparatus,
Netzsch Instruments, Inc.). NC-inks identical with those used for
thin film deposition were pressed in form of disk-shaped samples
(8 mm diameter; ∼0.6 mm thickness). The front face of the samples
was irradiated by a short laser pulse, and the resulting rear face
temperature rise was recorded and analyzed. Thermal conductivity
(κ) values were calculated as κ ) RCpd, where R is the thermal
diffusivity, Cp is the specific heat measured from the differential
scanning calorimetry, and d is the bulk density of the sample.

3. Results and Discussion

The synthesis of nanostructured TE materials, outlined in
Figure 1, started with the exchange of the organic coating of
as-synthesized colloidal NCs (Bi2S3, PbS, PbTe, Figure 1A) with
Sb2Te3-MCCs. The resulting all-inorganic “NC-ink” was used
for solution deposition of solid materials by drop casting, spray
coating, or drying/hot pressing (Figure 1B).

Preparation of Sb2Te3-MCC and Sb2Se3-MCC in Hydrazine.
We prepared a soluble molecular precursor for the crystalline
Sb2Te3 phase by adopting the methodology pioneered by
Mitzi.41,42 Various metal chalcogenide complexes can be formed
by dissolving bulk metal chalcogenides in N2H4 in the presence
of elemental chalcogens. The soluble species usually contain
chalcogenidometalate anions charge-balanced by hydrazinium
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N2H5
+ cations and additional N2H4 molecules incorporated via

hydrogen bonding. This enables a vast diversity of structures,
including discrete Zintl ions such as Sn2S6

4- and Sn2Se6
4-,42

layered N4H9Cu7S4 complexes,43 one-dimensional covalent
(N2H4)2ZnTe,44 and mixed metallic [Mn2SnE4(N2H4)n] (E ) S,
Se; n ) 2-5) species.45,46 The ability of these complexes to
form pure parent metal chalcogenides upon mild heat treatment
(100-350 °C) is currently being studied for the solution-based
deposition of technologically relevant metal chalcogenides such
as photovoltaic CuInxGa1-xSe2,

47,48 phase-change KSb5S8
49 and

GeSbSe,35 and high-mobility semiconducting n-SnS2-xSex,
42

n-In2Se3,
50 and p-CuInTe2

51 thin films.
Dark brown Sb2Te3-MCC (Figure 1A) and light red Sb2Se3-

MCC solutions were prepared by the room-temperature dis-
solution of bulk Sb2Te3 and Sb2Se3 in N2H4 in the presence of
additional elemental Te and Se, respectively. Red crystals of
(N2H4)(N2H5)3SbSe4

52 were isolated from Sb2Se3-MCC solution,
and their molecular structure was confirmed by X-ray diffraction.
Sb2Te3-MCC could not be crystallized using similar approaches
because of its instability: Sb2Te3-MCC decomposed into rhom-
bohedral Sb2Te3 and elemental Te upon solvent evaporation,
as confirmed by the powder XRD studies in Figure S3.37 TGA
scans of the solid residue obtained by drying Sb2Te3-MCC at
room temperature revealed weight loss of only ∼1% upon
heating to 350 °C in Figure S4,37 pointing to the complete
decomposition of Sb2Te3-MCC. The major weight loss occurred

at temperatures above 450 °C, due to the evaporation of
elemental tellurium.

We applied a suite of characterization techniques providing
information about the nature of species present in Sb2Te3-MCC
solutions. ICP-OES elemental analysis showed that Sb2Te3

completely dissolved in N2H4 only for the overall Te/Sb ratios
of g3.5, pointing to the fact that additional Te is needed to
coordinate Sb. There are only few relevant examples in the
literature, such as Sb2Te5

4- Zintl anions formed by cathodic
dissolution of Sb2Te3

53,54 and melt-synthesized K3SbTe3,
55

supporting the formation of the small discrete Sb-Te species,
seen in our case. To provide a direct insight into the composition
of soluble Sb2Te3-MCC species, we carried out electrospray
ionization mass spectrometry (ESI-MS) analysis of Sb2Te3-MCC
in N2H4 in Figure S5.37 Detected soluble antimony telluride
complexes showed Sb nuclearity of one or two, such as SbTe3

3-,
Sb2Te5

4-, and Sb2Te7
4- and no heavier moieties. In agreement

with ESI-MS, dynamic light scattering (DLS) measurements,
with sensitivity down to e1 nm,56 did not reveal the presence
of any large, e.g., oligomeric, polymeric, or colloidal, species.
To summarize, ESI-MS measurements suggest that Sb2Te3-MCC
solutions contain SbTe3

3-, Sb2Te5
4-, and Sb2Te7

4- Zintl ions
as the dominant species. The elemental analysis agrees best with
the Sb2Te7

4- composition, which has not been previously
reported and is probably structurally similar to Sb2Te5

4- species
with two Te2- atoms substituted for (Te2)2- groups. At the same
time, we cannot exclude the coexistence of several species in
Sb2Te3-MCC solutions in chemical equilibrium with each other.

PbTe NCs Functionalized with Sb2Te3-MCCs. PbTe is one
of the most efficient TE materials, with optimal ZT values
between 300 and 600 °C,4,57 and is currently used in high-
temperature power generation modules.8 At the same time, PbTe
has a large Bohr excitonic radius of 46 nm,58 which makes it
an especially convenient material for achieving strong electronic
quantum confinement, potentially beneficial for studying the
effect of size quantization on the Seebeck coefficient. A large
static dielectric constant (ε ≈ 1000)59 reduces the Coulomb
charging energy, facilitating charge transport through granular
films and NC solids.

PbTe NCs in the 2-30 nm size range were synthesized in
organic solvents using a well-established hot-injection method.36,60

The original oleic acid capping molecules were replaced by
Sb2Te3-MCCs in a simple phase-transfer procedure, by com-
bining PbTe NCs in hexane with Sb2Te3-MCCs in N2H4. Upon
vigorous stirring, the original organic ligands remained in the
hexane phase, while PbTe NCs turned hydrophilic and became
highly soluble in hydrazine and its mixtures with common polar
solvents such as DMSO and formamide. The mean size and
monodispersity of the NCs (Figure 2A) were retained in the
course of ligand exchange, as was evidenced by comparing with
original NCs in Figure S6.37 Furthermore, no changes in either
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Figure 1. Preparation of nanostructured thermoelectric (Bi,Sb)2Te3 and
PbTe-Sb2Te3 materials: (A) PbTe NCs and Bi2S3 nanorods capped with
the organic ligands and a solution of Sb2Te3-MCCs (molecular metal
chalcogenide complex) used as starting materials; (B) colloidal solution of
NCs functionalized with Sb2Te3-MCCs used in various ways to synthesize
and deposit a thermoelectric material (from left to right: drop-cast thin film
of PbTe NCs capped with Sb2Te3-MCCs, spray-coated (Bi,Sb)2Te3 thin film,
and a (Bi,Sb)2Te3 pellet).
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the crystal structure or in the mean crystallite size were detected
by powder XRD studies (Figure 2B). The completeness of the
ligand exchange was confirmed by comparing the FTIR spectra
for NC solids before and after the phase-transfer procedure
(Figure 2C), where the latter samples showed the complete
disappearance of C-H stretching and bending modes. We also
found that XRD patterns for both the as-deposited (80 °C) and
annealed (300 °C) samples showed reflections from the only
PbTe phase in Figure S7A,37 excluding the formation of
extended domains of Sb2Te3 or Te phases in the samples purified
from excessive Sb2Te3 MCCs. The Scherrer size of PbTe grains
increased from ∼10 nm to ∼30 nm upon annealing at 300 °C,
pointing to partial sintering of PbTe NCs. Furthermore, TGA
scans revealed a very small weight loss (2-3%) during sample
annealing in Figure S4.37

The solubility of MCC-functionalized NCs in hydrazine and
other common polar solvents enables the facile solution deposi-
tion of macroscopically homogeneous NC films (Figure 1B) with
typical thicknesses of 0.1-0.4 µm and root-mean-square (rms)
roughness of 10-20 nm. Such films could be deposited on
highly hydrophilic substrate surfaces, given that NC concentra-
tion and drying temperature were optimized. As compared to
the hydrazine chemical activation of organics-capped PbTe and
PbSe NC solids,36,61-63 our new approach is not limited to thin
films, does not cause cracking of the films due to the shrinking
of NCs, and ensures the complete removal of organic molecules.

The absorption spectra for the films of oleic-acid capped PbTe
NCs closely resembled spectra for the colloidal solution with a
well-resolved 1Sh-1Se optical transition, indicating the strong
localization of excitons on individual quantum dots (Figure 2D).
In contrast, the spectrum of PbTe NCs capped with Sb2Te3-
MCCs appears featureless with an absorption tail extending
further in the infrared. The absorption tail could originate from
surface-bound Sb2Te3-MCCs. At the same time, the red shift

points to partial relaxation of the quantum confinement due to
strong electronic coupling between MCC-capped NCs.

As-deposited films of PbTe NCs capped with Sb2Te3-MCCs
exhibited ohmic I-V characteristics with conductivities of ∼0.05
S cm-1, which corresponds to an ∼10 orders of magnitude
increase compared to that of oleic-acid capped PbTe NCs (σ ≈
10-12 S cm-1). The low-temperature (4-300 K) dependence of
conductance (G) followed non-Arrhenius behavior, G ≈ exp(1/
Tn) with n ) 1/4 (Figure S8A (Supporting Information)). n )
1/4 is characteristic of the three-dimensional Mott-type variable-
range hopping, in which the hopping electrons find the optimal
path with the lowest activation energy and the shortest hopping
distance, while the Coulomb interactions are small due to the
large dielectric constants of both PbTe and Sb2Te3.

64 For these
samples we also found very high values of the Seebeck
coefficient up to +750 µV/K in Figure S8B.37 From field-effect
transistor measurements we determined the hole mobility µ ≈
0.24 cm2 V-1 s-1 and the majority carrier (hole) density n ≈
1.3 × 1018 cm-3 in Figure S8C and S9.37 For comparable carrier
density, our PbTe NCs solids show a more than 2-fold increase
in thermopower in comparison to bulk PbTe.12 As a plausible
explanation, quantum confinement leads to sharp spikes in the
density of electronic states (DOS) of PbTe NCs as compared
to the parabolic DOS in bulk semiconductors.65 Chemically
synthesized PbTe nanowires with diameters of 10-40 nm were
recently reported to exhibit enhanced Seebeck coefficients of
410-628 µV/K.66,67 In a single report of TE properties for
colloidally synthesized PbTe NCs,68 for samples prepared by
sintering relatively large (30-50 nm) and irregularly shaped
particles, an enhanced Seebeck coefficient of above 500 µV/K
has been shown. In agreement with current findings, our
previous studies revealed enhanced and size-dependent Seebeck
coefficients of 700-1150 µV/K in the arrays of hydrazine-
treated PbSe NCs.65

Unlike in previous reports for organics-capped PbTe NCs,36,63

the hydrazine treatment of MCC-capped PbTe NCs neither
changed the type of majority carriers nor notably affected the
film conductivity. We then concluded that stable p-type
conductivity was determined by excess Te from surface-bound
Sb2Te3-MCCs. A slight excess of Te is a typical method for
the p-type doping of PbTe.8

The annealing of MCC-capped PbTe NCs at 300 °C increases
conductivity up to 19 S cm-1 due to the partial sintering of
PbTe NCs, as confirmed by powder XRD in Figure S7A37 and
TEM in Figure S7B.37 In order to make TE material practical
for high-temperature operation, it will be necessary to develop
some means of control over the average grain size. Currently
we are studying the effect of Sb2Te3 content and temperature
history on the granularity and TE characteristics of this material.
As an alternative approach to address these problems in the same
materials system, we explored the in situ conversion of PbS
NCs into PbTe.
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Figure 2. (A) TEM image of PbTe NCs capped with Sb2Te3-MCCs. (B-D)
Comparative study of PbTe NC solids capped with original oleic acid ligands
and with Sb2Te3-MCCs using (B) powder XRD, (C) FTIR spectroscopy,
and (D) near-IR optical absorption spectroscopy.
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PbTe-Sb2Te3 Nanocomposites through in Situ Conversion
of PbS NCs to PbTe. In the previous example small amounts
(e20%) of Sb2Te3-MCCs were used as a conductive capping
material, acting as an “electronic glue”, for improved charge
transport in NC solids. At the same time, many practical TE
materials contain significantly larger contents of Sb2Te3.

3,8

Due to the large excess of Te, an Sb2Te3-MCC precursor
may be impractical for generating a stoichiometric Sb2Te3

phase without the high-temperature anneals necessary to
evaporate excess Te. Here, we discuss an approach in which
excessive Te is purposefully used to make complex telluride
TE materials.

We fabricated n-type PbTe-Sb2Te3 nanocomposite materials
using colloidally synthesized PbS NCs and Sb2Te3-MCCs.
The solution of PbS NCs functionalized with Sb2Te3-MCCs
was prepared analogously to the previous PbTe NCs/Sb2Te3-
MCCs system using the ligand-exchange procedure, except
for one key differencesexcess Sb2Te3-MCC was not removed
after the ligands exchange. The excess MCC was used in
subsequent chemical transformations as a source of elemental
Te. Upon raising the temperature to 300 °C, we observed
the transformation of PbS NCs into the PbTe phase, which
was driven by the dynamic shift of equilibrium due to the
evaporation of sulfur (PbS + Te ) PbTe + Sv). PbTe and
Sb2Te3 phases are largely immiscible.69,70 Both phases are
clearly seen in powder XRD patterns for samples annealed
at 300 °C in Figure S10.37 In fact, the immiscibility of PbTe
and Sb2Te3 was recently utilized by Snyder et al.71,72 for the
formation of nanometer lamellae of PbTe and Sb2Te3 with
epitaxy-like interfaces by means of rapid solidification from
melts.

Our preliminary TE characterizations showed rather high
electrical conductivities of 80-160 S cm-1, depending upon
the film uniformity, which is far higher than conductivities for
PbTe NCs capped with Sb2Te3-MCCs. The Seebeck coefficient
of -90 ( 10 µV/K points to n-type conductivity, in agreement
with S ) -50 ( 10 µV/K reported by Shyder et al. for melt-
solidified PbTe/Sb2Te3.

71,72 The biphase PbTe/Sb2Te3 composite
exhibited an increase in electrical conductivity with increasing
temperature in Figure S1137 and remarkably low temperature
dependence of S, which can be related to the peculiar chemical
and crystal structure of this material. The availability of large-
scale synthetic methods for colloidal PbS NCs38,73 is a very
practical advantage of this approach.

Nanostructured (Bi,Sb)2Te3 Alloys through Nanoscale
Solid-State Chemical Transformations. Alloying of Bi2Te3 with
Sb2Te3 is a standard method for decreasing thermal conduc-
tivity by introducing disorder in the unit cell, while the
electrical conductivity remains high.4,8 Our attempts to
prepare a soluble molecular precursor for (Bi,Sb)2Te3 by
combining Sb2Te3-MCC and Bi2Te3-MCC failed because
Bi(III) chalcogenides could not form stable molecular precur-
sors in hydrazine in the presence of elemental S, Se, or Te.
Furthermore, to enhance the TE performance by nanostruc-
turing, we need some means of controlling the grain size in

(Bi,Sb)2Te3. To address these issues, we have developed an
approach in which a Bi chalcogenide phase was introduced
in the form of Bi2S3 NCs (Figure 1A). The synthesis of
colloidal Bi2S3 nanostructures has been previously reported
by several groups.74-76 In this study we used a simple method
utilizing Bi(III) acetate and elemental sulfur as precursors,
oleic acid as capping ligand, and octadecene as a solvent.
By varying the concentration of reagents, nearly spherical
in Figure S1237 and rod-shaped (Figure 1A) Bi2S3 NCs were
synthesized. The longitudinal axis of the nanorods was the
(002) direction, confirmed by the powder XRD studies
(Figure 3a). In the following, all results were obtained and
demonstrated using rod-shaped Bi2S3 NCs.

The solution of Bi2S3 rods capped with Sb2Te3-MCCs was
prepared following the ligand-exchange procedure, with an
adjustable amount of excess Sb2Te3-MCCs. The formation of
(Bi,Sb)2Te3 phase occurs as follows:
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Figure 3. Formation of (Bi0.5Sb0.5)2Te3 nanocomposite through solid-
state reactions between Bi2S3 nanorods and Sb2Te3-MCCs: X-ray
diffraction patterns of (a) oleic-acid capped Bi2S3 nanorods, (b) Sb2Te3-
MCCs, dried and annealed at 300 °C, and (c) pure phase (Bi0.5Sb0.5)2Te3

alloy film, annealed at 300 °C. No traces of excessive Te could be
detected in (Bi0.5Sb0.5)2Te3 for the correctly adjusted molar ratio Bi2S3/
Te/Sb2Te3. All peaks were assigned and referenced to the PDF-2 file
(ICDD) for Bi2S3 (17-0320, Bismuthinite, orthorhombic), Sb2Te3 (15-
0874, rhombohedral), Te (72-6647, hexagonal) and (Bi0.5Sb0.5)2Te3 (72-
1835, rhombohedral). An enlarged XRD pattern of (Bi0.5Sb0.5)2Te3 along
with bulk reflections from the PDF-2 database are shown in Figure S13
(Supporting Information).
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All three reactions occur during the annealing of the
composite films. Decomposition of the molecular precursor
(reaction 1) takes place as soon as the film is dried. Released
Te replaces sulfur in Bi2S3 (reaction 2). This replacement is
facilitated by the evaporation of elemental sulfur. In fact, the
S2--to-Te2- anion exchange may slowly occur even in solution.
Alloying (reaction 3) requires higher temperatures and occurs
only upon annealing at 180 °C or above.

The small size of the NCs offers unique possibilities for these
solid-state chemical transformations. The size of the NCs is
comparable to the best available estimates for the width of the
reaction zone in solid-state reactions.77 This correlates with the
fast and complete reactions of NCs, such as cation exchange,78,79

oxidation and sulfuration,80 carried out in colloidal solutions.
The present study demonstrates the possibility to perform solid-
state material synthesis using chemical transformations of
colloidal NCs to form a phase-pure material by anion exchange
and alloying.

An easy track of reactions 1-3 is provided by powder XRD
patterns (Figure 3). The original Bi2S3 nanorods show the
diffraction peaks with significant Scherrer broadening (Figure
3a). Reaction 1 provides a required amount of crystalline Te
and Sb2Te3 (Figure 3b) needed for the formation of phase-pure
(Bi0.5Sb0.5)2Te3 upon the film annealing at 300 °C in Figure 3c
and Figure S13.37 Note that the XRD reflections from
(Bi0.5Sb0.5)2Te3 are usually considerably broader than the Sb2Te3

reflections observed in the absence of Bi2S3 nanorods, which
we attribute to the effect of NC size on the grain size in the
final TE material. The angular position of the diffraction peaks
of the (Bi0.5Sb0.5)2Te3 phase closely match the rhombohedral
(Bi0.5Sb0.5)2Te3 phase from the PDF-2 database (72-1835). A
preferential crystallographic orientation in thin films of
(Bi0.5Sb0.5)2Te3 is another general observation, which is evi-
denced from the enhancement of the (001)-relevant reflections,
whose intensity is generally low for a powdered bulk material.
Rietveld refinement, exemplarily shown in Figure S14,37

confirmed the formation of a pure (Bi0.5Sb0.5)2Te3 phase with
an average domain size of 30-50 nm.

A careful adjustment of reagent quantities is necessary to
obtain single-phase material. For example, if the amount of Bi2S3

nanorods is not sufficient to convert all Te, additional peaks
appear in XRD patterns at 2θ angles of 27.7, 43.5, and 57.0°
corresponding to the hexagonal Te phase in Figure S15A.37 In
an opposite case, when a large excess of Bi2S3 nanorods is used,
the final material contains a tetradymite Bi2Te2S phase in Figure
S15B,37 a highly stable material with rhombohedral crystal
structure. Sulfur is a known n-type dopant for Bi2Te3.

81 The
formation of an undesired Bi2Te2S phase29 or contamination
by sulfur30 was found in the nanostructures formed by sintering
thiol-capped Bi2Te3 NCs, which caused the material to be n-type

conductive.30 The observation of p-type conductivity for our
(Bi,Sb)2Te3 samples provided an additional indirect confirmation
of the efficient removal of sulfur during the anion exchange.
The alloying of Bi2Te3 and Sb2Te3 (reaction 3) was evidenced
from the gradual shift of XRD peaks to larger 2θ angles with
an increase in Sb content. The shift is due to larger dimensions
of the Bi2Te3 unit cell (a ) 4.386 Å, c ) 30.497 Å) compared
to that of Sb2Te3 (a ) 4.264 Å, c ) 30.458 Å). The fractional
occupancies of Bi and Sb were determined from Rietveld
analysis in Figure S1437 and are in good agreement with the
initial molar ratios of Bi2S3 rods and Sb2Te3-MCCs.

TGA studies revealed that removal of S occurred in the
temperature range of 150-220 °C (Figure 4A). This finding is
consistent with XRD data, where (Bi,Sb)2Te3 peaks are observ-
able only after annealing above 180 °C. FTIR spectra of samples
dried at 180 °C showed the complete absence of the absorption
features at 2800-3000 cm-1 corresponding to C-H stretching
modes, indicative of the quantitative removal of the organic
ligands (Figure 4B). As expected, the formation of a narrow-
gap semiconductor phase increased absorption in the near- and
mid-infrared spectral regions. A further decrease of absorption
for photon energies less than 0.25 eV (>5 µm) could be due to
proximity of the fundamental absorption edge of (Bi,Sb)2Te3.

Solution Deposition and Characterization of Thin
(Bi,Sb)2Te3 Films. Fresh NC-inks were used for solution
deposition of uniform TE films. Spin casting can generate
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Sb2Te3-MCC f Sb2Te3+Te + N2H4 (1)

Bi2S3 nanorods + 3Te f Bi2Te3 + 3Sv (2)

xSb2Te3+(2 - x)Bi2Te3 f 2Bi2-xSbxTe3 (3)

Figure 4. (A) TGA scans for Bi2S3/Sb2Te3-MCCs dried samples showing
the release of S in the course of solid-state chemical transformation toward
the (Bi0.6Sb0.4)2Te3 phase. (B) FTIR spectra for oleic-acid capped Bi2S3

nanorods (dash line) and for a (Bi0.6Sb0.4)2Te3 sample dried at 180 °C on a
CaF2 substrate.
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smooth and continuous thin films (10-50 nm thick, Figure 5A);
however, thicker films are required for practical TE applications.
Therefore, further comparative studies were conducted on either
drop-cast or spray-coated samples fabricated on glass substrates.
Both techniques readily produce 0.1-0.4 µm thick films, with
low surface roughness of 10-50 nm in Figure S5B and Figure
S1.37 Sample compositions were adjusted to Bi1.2Sb0.8Te3 with
(10% batch-to-batch variations. All samples were annealed at
300 °C. I-V curves for each sample with gold electrodes
showed high conductivity and excellent linearity over the entire
range of applied voltages. The measured conductivities for drop-
cast films spread in a broad range from 30 to 200 S cm-1,
depending upon the concentration of cracks and other structural
defects. In contrast, spray-coated samples on average showed
higher conductivities of 200-450 S cm-1 at room temperature
(Figure 5C). Thermopower measurements revealed p-type
conductivity and Seebeck coefficients of ∼170-250 µV/K
(Figure 5D). Unlike electrical conductivity, which is very
sensitive to homogeneity of the sample, thermopower is an
inherent material property and is reproducible within (10% for
the series of same-formulated samples. Our values of S are
similar to the previously reported value (∼210 µV/K) for the
bulk (Bi,Sb)2Te3 generated by hot-pressing ball-milled nanopo-
wders,18 which is currently the best bismuth-telluride material
with conductivity in excess of 1000 S cm-1 and ZT ) 1.2 at
room temperature. Our solution-processed samples compare
quite favorably with the vacuum-deposited thin film Bi-Te
materials, which are naturally less conductive than bulk materi-
als. Representative literature examples include flash-evaporated
n-type Bi-Te-based thin films (σ ≈ 540 S cm-1),82 flash-
evaporated Bi0.5Sb1.5Te3 thin films (σ ≈ 550 S cm-1),83

coevaporated Bi2Te3 thin films (σ ≈ 166,22 770 S cm-1 23), and
sputtered Bi-Sb-Te thin films (σ ≈ 70-200 S cm-1).84

n-Type (Bi,Sb)2(Te,Se)3. Fabrication of TE modules requires
both p- and n-type materials with similar TE properties. To
control the type of majority carriers and doping level of our
solution-derived materials, we used selenium as a convenient
dopant for preparing n-type bismuth-antimony telluride.85

Sb2Se3 (∼10 mol %) was introduced into the ink in the form of
Sb2Se3-MCCs in hydrazine, followed by the same ink prepara-
tion as before. The Seebeck coefficient of the resulting film is
-245 µV/K, indicating n-type conductivity (Figure 5E). The
conductivity of drop-cast Se-doped samples were found to be
100-200 S cm-1, slightly lower than for p-type (Bi,Sb)2Te3.

The power factor S2σ of TE materials is usually strongly
temperature-dependent due to the temperature dependencies of
both S and σ. S-T and σ-T scans for p-type (Bi,Sb)2Te3 and
n-type (Bi,Sb)2(Te,Se)3 are shown in Figure 6. For p-type
(Bi,Sb)2Te3, σ decreased with temperature (Figure 6A), whereas
S increased by 30 µV/K (Figure 6B) and the power factor S2σ
was only about 20% smaller at 523 K (16.3 µW/cm K2) in
comparison to its room-temperature value (20.4 µW/cm K2).
For comparison, state-of-the-art p-type (Bi,Sb)2Te3 and recently
reported high-performance “bulk” nanostructured (Bi,Sb)2Te3

lose correspondingly 78% and 55% of their S2σ in the same
temperature range,18 showing high-temperature power factors
very similar to those of our samples.

Thermal Conductivity and ZT of Nanostructured
(Bi,Sb)2Te3. To assess the heat transport properties of our
solution-processed nanocomposites, we measured thermal con-
ductivity using laser flash diffusivity technique. The measure-
ments were carried out on the pellets (Figure 1B) prepared from
the NC-inks followed by thermal annealing. Figure 7 shows

(82) Takashiri, M.; Takiishi, M.; Tanaka, S.; Miyazaki, K.; Tsukamoto,
H. J. Appl. Phys. 2007, 101, 074301.

(83) Volklein, F.; Baier, V.; Dillner, U.; Kessler, E. Thin Solid Films 1990,
187, 253–262.

(84) Liao, C. N.; She, T. H. Thin Solid Films 2007, 515, 8059–8064.
(85) Ettenberg, M. H.; Maddux, J. R.; Taylor, P. J.; Jesser, W. A.; Rosi,

F. D. J. Cryst. Growth 1997, 179, 495–502.

Figure 5. (A) Cross-sectional SEM image of a ∼20 nm thick (Bi0.5Sb0.5)2Te3 film prepared by spin casting. (B) Tapping-mode AFM image of 0.3 µm thick
(Bi0.5Sb0.5)2Te3 films prepared by drop casting. (C) I-V curve and (D) a plot of Seebeck voltage vs temperature difference for a representative sample of a
p-type (Bi,Sb)2Te3 spray-cast film. (E) Plot of Seebeck voltage vs temperature difference for an n-type (Bi, Sb)2(Te0.9Se0.1)3 drop-cast film (∼10 mol % of
Sb2Se3).
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the temperature dependence for thermal conductivity of the
nanostructured p-type (Bi,Sb)2Te3 sample. It was prepared from
the NC-ink with a composition identical with that used for the
films with electrical properties shown in Figures 6A-C. As
expected for a material with nanoscale granularity, we observed
significantly lower thermal conductivities (∼0.89 W/(m K) at
room temperature), as compared to the state-of-the-art com-
mercial BiSbTe ingots (κ ≈ 1.4 W/(m K)).18,86 The room-
temperature κ values of our samples were also lower than that
of nanostructured alloys obtained by ball milling and hot
pressing of BiSbTe indots (κ ≈ 1.1 W/(m K)).18 In agreement

with other studies of p-(Bi,Sb)2Te3,
18,86 the thermal conductivity

of our samples gradually increased with temperature (Figure
7) due to an increase of lattice phonon conductivity. Significantly
lower thermal conductivities were observed in the pellets
prepared from the NC-inks and annealed at lower temperatures
in Figure S16.37

From Figures 6C and 7 we calculated a ZT value of 0.70 at
room temperature. This ZT value is higher than previously
reported values for solution-processed TE materials.31,32 Even
more important, in contrast to bulk p-type BiSbTe alloys whose
ZT drops rapidly with temperature down to about 0.25 at 523
K,18 ZT values of nanostructured p-(Bi,Sb)2Te3 prepared from
the NC-inks were nearly temperature-independent, with ZT ≈
0.63 at 523 K. This notable difference in behavior could
originate from the presence of nanosized grains and heteroint-
erfaces. Hot-pressed BiSbTe nanopowders also showed weaker
temperature dependence of ZT,18 suggesting that improved
thermoelectric performance of nanostructured p-type (Bi,Sb)2Te3

phasesatelevatedtemperatures is indeedrelated tonanostructuring.
Outlook for Further Rational Design of Nanostructured

TE Materials. In addition to some obvious routes for further
optimization of the materials characteristics such as tuning the
carrier concentration, compositional optimizations, control of
nanostructuring (e.g., through optimized annealing), and so forth,
solution-based fabrication offers further appealing possibilities
for materials design. One option is illustrated by TEM images
in Figure 8 for a nanocomposite made by combining the
previously discussed materials, (Bi,Sb)2Te3 NC-ink with PbTe
NCs capped with Sb2Te3-MCCs in a 1:4 molar ratio, followed
by annealing at 300 °C. Such a nanocomposite features a broad
spectrum of crystallite grain sizes between about 5 and 50 nm
(Figure 8A), often with atomically sharp and coherent interfaces
(Figure 8B,C). In analogy with biphase PbTe/Sb2Te3, im-
miscibility of PbTe with (Bi,Sb)2Te3 phases is believed to be
an important factor determining nanoscale granularity. Similarly,
many other inorganic materials can be added to the NC-inks,
allowing the rational design of complex phases and composi-
tions. Furthermore, metallic inclusions can be easily introduced

(86) Xie, W. J.; Tang, X. F.; Yan, Y. G.; Zhang, Q. J.; Tritt, T. M. Appl.
Phys. Lett. 2009, 94, 102111.

Figure 6. Temperature dependence of the electrical conductivity σ (A,
D), Seebeck coefficient S (B, D), and power factor S2σ (C, F), for p-type
(Bi,Sb)2Te3 (A-C) and n-type (Bi,Sb)2(Te0.9Se0.1)3 (D-F). Circles cor-
respond to the forward temperature scan, whereas the triagles represent data
points measured during sample cooling.

Figure 7. Temperature dependence of thermal conductivity for p-type
(Bi,Sb)2Te3 nanocomposite.

Figure 8. (A) Low- and (B, C) high-resolution TEM images for
nanostructured PbTe/(Bi,Sb)2Te3. The composite was prepared by combining
PbTe NCs capped with Sb2Te3-MCCs with “(Bi,Sb)2Te3” ink in a 1:4 molar
ratio followed by annealing at 300 °C. Moire fringes on panel C arise from
the electron beam diffraction on vertically stacked crystallites.
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to the nanocomposites in Figure S17.37 We may also envision
implications of heterostructured (e.g., core-shell) NCs as the
building blocks for advanced TE materials.

Conclusions

We have demonstrated that colloidal NCs of lead and bismuth
chalcogenides capped with antimony-chalcogenide molecular
complexes can serve as precursors for designing nanostructured
thermoelectric materials. This new methodology shows a set
of advantages such as all-inorganic design, nanostructuring,
compositional flexibility, and possibility of solution deposition
using conventional techniques (spray coating, spin casting). Two
distinctly different concepts for the material formulation were
explored. The first concept preserves the benefits of nanostruc-
turing and quantum confined semiconductors and allows ex-
amining the effect of quantum confinement on the thermopower
and other characteristics. This was demonstrated for solids
composed of PbTe NCs capped with Sb2Te3-MCCs, exhibiting
a record for PbTe values of thermopower (S ≈ 750 µV/K), while
the conductivities are still lower than those required to meet
practical applicability of the material. The second concept does
not preserve the NC integrity but instead uses colloidal NCs
for nanoscale solid-state chemical transformations leading to
desired TE compounds. We fabricated alloyed single-phase
(Bi,Sb)2Te3 and two-phase PbTe/Sb2Te3 nanostructured thin

films by combining and reacting Bi2S3 or PbS NCs with Sb2Te3

molecular precursor in hydrazine. p-type (Bi,Sb)2Te3 and n-type
(Bi,Sb)2(Te0.9Se0.1)3 exhibited high Seebeck coefficients of
(200-250 µV/K and conductivities up to 450 S cm-1, closely
approaching values required for commercial applications. Thus,
high power factors up to 20.4 µW cm-1 K-2 and ZT values of
0.7 were obtained.
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