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1. Introduction

Thermoelectric (TE) technology takes advantage
of a temperature gradient to enable the waste
heat energy from power plants and vehicles to
be converted into useful electrical energy. The
unique features of TE technology, such as stabil-
ity and portability, make it suitable for various
applications in different fields. From space mis-
sions to industrial waste heat recovery systems,
TE devices are helping to increase efficiency and
reduce energy costs.[1,2] Powering remote sen-
sors and coolers for temperature-controlled
drug delivery systems make TE devices ideal for
applications in industries.[3–6] The performance
of TE materials depends on the dimensionless
figure-of-merit zT = σS2T/κtot, where S, σ, κtot,
and T are the Seebeck coefficient, electrical con-
ductivity, total thermal conductivity, and abso-
lute temperature, respectively.[7–10] Moreover,
κtot consists of two terms, namely the lattice
thermal conductivity (κlat) and electronic ther-
mal conductivity (κele). The κele is calculated
using the Wiedemann-Franz law κele = LσT,
where L is the Lorenz number.[11–14] To
enhance the performance of a TE material, i.e.,
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Bi2Te3-basedmaterials have drawnmuch attention from the thermoelectric
community due to their excellent thermoelectric performance near room
temperature. However, the stability of existing n-type Bi2(Te,Se)3 materials is still low
due to the evaporation energy of Se (37.70 kJ mol�1) being much lower than that of
Te (52.55 kJ mol�1). The evaporated Se from the material causes problems in
interconnects of the module while degrading the efficiency. Here, we have developed
a new approach for the high-performance and stable n-type Se-free Bi2Te3-based
materials by maximizing the electronic transport while suppressing the phonon
transport, at the same time. Spontaneously generated FeTe2 nanoinclusions within
the matrix during the melt-spinning and subsequent spark plasma sintering is the key
to simultaneous engineering of the power factor and lattice thermal conductivity. The
nanoinclusions change the fermi level of the matrix while intensifying the phonon
scattering via nanoparticles. With a fine-tuning of the fermi level with Cu doping in
the n-type Bi2Te3–0.02FeTe2, a high power factor of ∼ 41 × 10�4 Wm�1 K�2 with
an average zT of 1.01 at the temperature range 300–470 K are achieved, which are
comparable to those obtained in n-type Bi2(Te,Se)3 materials. The proposed approach
enables the fabrication of high-performance n-type Bi2Te3-based materials without
having to include volatile Se element, which guarantees the stability of the material.
Consequently, widespread application of thermoelectric devices utilizing the n-type
Bi2Te3-basedmaterials will become possible.
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maximize zT, it is necessary to increase the power factor (PF, σS2) and
concomitantly reduce the κlat. Controlling these three parameters (σ, S,
κtot) independently is the key strategy for attaining high zT. Bismuth tel-
luride (Bi2Te3) and its alloys with Bi2Se3 or Sb2Te3 rank among the
most important classes of TE materials and are widely used in applica-
tions operating near room temperature.[15,16]

Introducing defects into the Bi2Te3 matrix has been intensively
researched as an effective way to enhance the TE performance. For
instance, in the case of native defects in Bi2Te3, the Te vacancy (VTe)
and antisite defect (TeBi) act as donor-like defects that provide n-type
conduction. On the other hand, the Bi-vacancy (VBi) and antisite defect
(BiTe) are acceptor-like defects that enhance p-type conduction. In addi-
tion, several other strategies have been developed to improve the TE
performance of Bi2Te3-based materials, either by enhancing the PF
through band convergence, low-energy carrier filtering, and doping, or
by reducing κlat by introducing nanosized grain boundaries, dislocation
arrays, and nanoinclusions.[16–25] Among them, the nano-inclusion
approach is coming to the pioneering way in terms of their exceptional
enhancement of S value as well as encouraging phonon scattering.
However, most of the works use additional processes to synthesize cer-
tain nanoparticle structure,[20,22,25] which is not suitable for mass
production.

It is commonly believed that alloying Bi2Te3 with isostructural
Sb2Te3 improves p-type conduction by band-structure modification and
additional defect scattering of phonons, which has been shown to
achieve a very high zT ∼ 1.86 at 320 K.[16] Similarly, alloying Bi2Te3
with isostructural Bi2Se3 enhances n-type conduction by lowering the
formation energy of anion vacancies (VBi, VSb). Nevertheless,
the improvement in zT of n-type Bi2(TexSe1-x)3 has fallen behind the
advances made in its p-type counterpart and has remained a challenge
over the past 50 years, for both single-crystal and polycrystalline bulk
materials; this has seriously restricted the development of high-
performance TE modules.[26–30] A recent study demonstrated a signifi-
cant improvement of n-type TE performance in Bi1.8Sb0.2Te2.7Se0.3, via
the introduction of dislocation arrays that provide an outstanding zT
value of 1.4 at 420 K.[31] However, the typical problem with n-type
Bi2(TexSe1-x)3 alloys is the lack of stability and reproducibility, which is
related to the evaporation of Se atoms at elevated temperature, i.e.,
changes in the nominal stoichiometry of Bi2(TexSe1-x)3 that affect the
overall TE properties.[29,32] Over the past decade it was tested and
developed by the 3 M Corporation, at the National Aeronautics
and Space Administration (NASA) Jet Propulsion Laboratory, Teledyne
Energy Systems, and the General Atomics Corporation for use as a next-
generation thermoelectric material. During these tests, the evaporated
Se atoms at working temperature and their reaction with other compo-
nents of electronic devices cause a significant problem in the electrical
interconnects or operating devices.[33,34] Such conditions also result in
the physical separation of material from the electrical contacts of the
device.[35,36] To mitigate this problem, it is highly desirable to develop
Se-free Bi2Te3 alloys with n-type conduction that have high zT compa-
rable to their p-type counterparts.

Herein, we propose a novel approach to optimize the zT of n-type
Se-free Bi2Te3-based alloys that is comparable to its p-type counterpart.
First, we pursue the strategy of inducing FeTe2 nanoprecipitates sponta-
neously using melt spinning (MS) and spark plasma sintering (SPS),
i.e., the incorporation of a certain fraction of selected elements to distort
the lattice, thereby enhancing electrical properties and phonon scatter-
ing as well. After that, a foreign element acting as a compensating
acceptor (Cu) was introduced to optimize the carrier concentration to

maximize the PF. The remarkable advantage of this strategy is that FeTe2
precipitates scatter the phonons, which results in low κlat with high PF,
and the Cu atoms independently control the carrier concentration. This
strategy significantly enhanced the maximum TE figure of merit (zTmax)
by more than 60%, i.e., from ∼ 0.68 (Bi2Te3) to ∼ 1.08 (Bi2Te3–
0.02FeTe2–0.0125Cu), while achieving a Se-free n-type Bi2Te3-based
TE material. Furthermore, the FeTe2 incorporation does not need any
additional process, which is thought to be a significant advantage for
cost-effective production.

2. Results and Discussion

2.1. Structural Characterization of Bi2Te3-xFeTe2

First, we prepared the FeTe2-incorporated Bi2Te3 samples by MS and
SPS methods. Figure 1 shows XRD patterns of bulk Bi2Te3-xFeTe2
(x = 0, 0.01, 0.02, 0.03, and 0.04) samples. The main diffraction
peaks correspond to the rhombohedral Bi2Te3 structure (JCPDS # 65-
3674). The relative peak intensities are the same for all samples, indi-
cating there is no specific orientation. It is noteworthy that small peaks
of FeTe2 (JCPDS #14-0419) are also present in addition to the main
crystal peaks of Bi2Te3, and the intensity of the FeTe2 peaks systemati-
cally increases with increasing FeTe2 content. Regarding the atomic
radius differences between the Fe (1.35 Å) and Bi atoms (1.60 Å),[37]

Fe doping on Bi-sites does not seem probable. Still, there are a few
reports that demonstrate Fe doping on the Bi-site of Bi2Te3.

[38,39] The
reason that the FeTe2 nanoparticle precipitates instead of doping may
be related to the MS process we adopted to maximize the cooling rate
of the melt ingots and subsequent spark plasma sintering.[40]

To understand the microstructure of the FeTe2 phase in Bi2Te3,
transmission electron microscopy (TEM) observations were conducted
over the Bi2Te3–xFeTe2 samples. Figure 2 shows representative TEM
images for x = 0.02 (which has the optimized transport properties, see
below). FeTe2 phase is found to distribute in the Bi2Te3 grain with an

Figure 1. XRD patterns of the Bi2Te3–xFeTe2 samples (x = 0–0.04).
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average size of less than 300 nm, as indicated by the red arrow in the
TEM image in Figure 2a. In addition to the FeTe2 phase, several darker-
contrast nano-precipitates were also observed, as indicated by the yel-
low arrow in the high-angle annular dark field (HAADF) image. This
FeTe2 phase and dark-contrast nano-precipitates were selected for fur-
ther analysis of their structures and chemical compositions. The results
are shown as HAADF images, energy-dispersive X-ray spectroscopy
(EDS) maps, and high-resolution TEM (HRTEM) in Figure 2b–e. The
round particles in the HAADF image with lighter contrast in compari-
son with the Bi2Te3 matrix are identified as FeTe2, which is consistent
with the XRD data, while the nano-precipitates (<50 nm in size) are
probably FeTe0.9 (Fe-rich phase). The high-resolution TEM (HRTEM)
images and selected area electron diffraction (SAED) patterns confirms
the phase and stoichiometry at the nanoscale, i.e., FeTe2 and FeTe0.9
phases (Figure 2f,g). Lastly, the geometric phase analysis (GPA) was
carried out on the HRTEM image of the Bi2Te3/FeTe2 interface in
Bi2Te3–0.02FeTe2 (Figure S8, Supporting Information) to investigate
the local lattice distortion in the Bi2Te3 matrix caused by the incorpora-
tion of FeTe2 nanoprecipitates. The GPA result in Figure S8b, Support-
ing Information, confirms the presence of a noticeable strain field
within the Bi2Te3 matrix adjacent to the FeTe2 nanoprecipitate. The
X-ray photoelectron spectroscopy (XPS) analysis conducted on the syn-
thesized nanoinclusions revealed important information about their
chemical state. Figure S11, Supporting Information, displays the Fe 2p

detailed spectra of the Bi2Te3–0.02FeTe2 materials, which confirms the
presence of two distinct phases, FeTe2 and FeTe0.9, within the compos-
ite structure, as shown on TEM observation. According to the XPS
results, the amount of FeTe2 is approximately 2.7 times higher than
that of FeTe0.9 in the composite material. This finding suggests that
FeTe2 is the predominant phase, constituting the majority of the syn-
thesized nanoinclusions, while FeTe0.9 represents a smaller portion.
(see Supporting Information for more details). It is important to note
that these nano-precipitates are spontaneously generated while under-
going MS and SPS processes. In other words, theses nano-precipitates
are byproducts from MS and SPS of Bi2Te3–xFeTe2 (x = 0, 0.01, 0.02,
0.03, and 0.04) ingots.

To more closely investigate the atomic arrangement of the nano-
precipitates in Bi2Te3, we performed density functional theory calcula-
tions; we considered tetragonal FeTe and calculated its cohesive energy,
and compared it with that of FeTe2. The cohesive energies of FeTe2 and
FeTe are �4.79 and �4.86 eV which are very similar. These calcula-
tions indicate that the nano-precipitates observed in the EDS data could
be tetragonal FeTe. The Fe-rich nano-precipitates (FeTe0.9) can be simu-
lated by reducing the content of Te in FeTe, as realized by considering
a single Te vacancy in a 2 × 2 × 2 supercell Fe16Te16
(Fe16Te15 ∼ FeTe0.93). The cohesive energy of tetragonal FeTe0.93 is
�4.71 eV, which is close to that of FeTe2. The electronic structure
shows that FeTe0.9 is metallic, unlike FeTe2, which is a semiconductor.

Consequently, we successfully realized FeTe2
nanoinclusions incorporated Bi2Te3 composite
structure, where the FeTe2 nanoinclusions are
spontaneously generated during the Bi2Te3
matrix materials without any additional
process.

2.2. Electrical Properties of Bi2Te3–xFeTe2

Figure 3a displays the temperature-dependent
σ of Bi2Te3-xFeTe2 (x = 0, 0.01, 0.02, 0.03,
and 0.04). The σ of the samples decreases
slightly with increasing FeTe2 content. In addi-
tion, the σ decreases with increasing tempera-
ture, suggesting typical heavily-doped
semiconducting behavior. To understand the
effects of FeTe2 in Bi2Te3, temperature-
dependent Hall effect measurements were per-
formed. Interestingly, with the addition of
FeTe2 to the Bi2Te3 matrix, the carrier concen-
trations slightly decreased over the whole tem-
perature range without affecting the carrier
mobility, as shown in Figure 3b,c. The Hall
measurement results imply that the decrease in
σ is due to the decrease in the carrier concen-
tration, rather than the carrier mobility. The
decrease in the carrier concentrations is most
likely due to band-structure modification rather
than Fe doping of Bi2Te3. This implies that
the addition of FeTe2 nano inclusions modifies
the electronic band structure of the Bi2Te3
matrix material by creating defects or impuri-
ties in the crystal lattice. These defects or impu-
rities introduce additional energy states within

Figure 2. a) Low-magnification TEM image of Bi2Te3–0.02FeTe2. b) HADDF image of Bi2Te3–0.02FeTe2.
EDS elemental maps for c) Fe, d) Bi, and e) Te. f, g) HRTEM images of Bi2Te3 matrix and precipitates
in the Bi2Te3–0.02FeTe2 sample. (inset images) Corresponding diffraction patterns of the selected parts.
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the bandgap of the material that has comparable energy levels to the
matrix, resulting in negligible energy offsets. In this case, the electrons
would transfer through the interfaces without being scattered. Further-
more, these interfaces could trap low-energy electrons which could be
the origin of the decrease in the carrier concentration.

Figure 3d shows the temperature-dependent S of the Bi2Te3-xFeTe2
(x = 0, 0.01, 0.02, 0.03, and 0.04) samples. The S values of all sam-
ples are negative over the entire temperature range, indicating that elec-
trons are the majority charge carriers in all samples, which agrees with
the Hall measurements. The variation in S is consistent with the carrier
concentration and σ. It is worth mentioning that the S increases with
increasing FeTe2 content up to x = 0.03 and then starts decreasing
with a further increase in FeTe2 content, over the entire temperature
range. To understand the underlying mechanism of the increase in S,
Pisarenko’s relation (Equation 1) could give a valuable indication of the
band structure modification.[41–44]

S ¼ 8πk2B
3eh2

m�
dT

π

3n

� �2
3

(1)

where h is Planck constant, kB is Boltzmann constant, m�
d is the car-

rier effective mass, e is the electronic charge, and n is the electron
concentration. By fitting Equation (1) at 300 K, as shown in

Figure 3e, the S of x > 0 samples lying
above the x = 0 Pisarenko line suggests that
the band structure was modified by FeTe2
incorporation. To further validate the effect
of FeTe2 incorporation on the band structure
at high temperature (450 K), the S values of
all samples (except x = 0.04) lie on the
Pisarenko line, which suggests the negligible
effect on the band structure by FeTe2 incor-
poration at high temperature. However, the
FeTe2 incorporation does change the fermi
level. At 300 K, the rate of the Seebeck coef-
ficient increase with increasing x decreases
(Figure 3d). When we compare the room
temperature Seebeck coefficients of x = 0.03
and that of x = 0.04, they are almost identi-
cal. However, as the temperature increases,
the Seebeck coefficient of x = 0.04 becomes
lower than those of x = 0.03 and even
x = 0.02 above 450 K. First of all, the See-
beck coefficient solely depends on the fermi
level of the material. In other words,
increasing x decreases the fermi level while
increasing the Seebeck coefficient. As the x
increases from 0.03 to 0.04, the drop in the
fermi level is almost negligible at 300 K
and that is the reason why we do not see
much difference between the Seebeck coeffi-
cients of the x = 0.03 and 0.04. The reason
that the Seebeck coefficient of the x = 0.04
is lower than those of x = 0.03 and 0.02 at
high temperatures (>450 K) can be attrib-
uted to the increased bipolar conduction in
the x = 0.04 sample. Accordingly, a larger
enhancement in PF is achieved at a low tem-
perature compared to a high temperature by

controlling the band structure, which affects S and the carrier con-
centration, which dictates σ, as presented in Figure 3f.

To further understand how the detailed atomic structure influences
the transport properties, we calculated the electronic structure of a
mixed-phase constructed by making an interface between Bi2Te3 and
FeTe2. To this end, we first used a supercell of two-unit cells of Bi2Te3
and 4-unit cells of FeTe2 on top of Bi2Te3 (notice that the FeTe2 cells
have to be slightly contracted to adjust to the cells of Bi2Te3). We calcu-
lated the electronic structure (density of states, DOS, and projected den-
sity of states, PDOS) for Bi2Te3 and FeTe2 at the equilibrium lattice
constant of Bi2Te3. The results in Figure S2, Supporting Information,
for relaxed configurations show that the mixed-phase is conductive
(large DOS at the Fermi level) and this behavior is mainly governed by
the interfacial strain due to the lattice mismatch between FeTe2 and
Bi2Te3. We then simulated the mixed structure at different lattice con-
stants (relative to that of Bi2Te3), to check the effect of the biaxial strain.
The minimum energy corresponds to a lattice constant of 11.697 Å,
i.e., slightly expanded with respect to the equilibrium lattice constant of
the Bi2Te3 supercell.

The contributions to the mixed-phase are shown in Figure S3, Sup-
porting Information, at selected lattice constants, to verify the effect of
the interfacial strain. As the lattice constant increases, i.e., the supercell
is expanded, the PDOS looks more similar to the DOS of the pure

Figure 3. Temperature dependence of the a) electrical conductivity, b) carrier concentration, c) carrier
mobility, d) Seebeck coefficient, and f) power factor of Bi2Te3–xFeTe2 (x = 0, 0.01, 0.02, 0.03, and 0.04)
samples. e) Pisarenko relations of Bi2Te3–xFeTe2 (x = 0, 0.01, 0.02, 0.03, and 0.04) samples at 300 and 450 K.

Energy Environ. Mater. 2023, 0, e12663 4 of 11 © 2023 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

 25750356, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eem

2.12663 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [05/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



phases, although the Fermi level is not in an energy gap, but inside the
valence band. Notice that the development of a large density of elec-
tronic states at the Fermi level is mainly due to the distortion induced
by the interface formation. These results imply that FeTe2 incorporation
in Bi2Te3 influences the band structure of the matrix, which is consis-
tent with the experimental results.

Next, we considered systems with larger unit cells along the direc-
tion perpendicular to the interface, i.e., 2- or 3-unit cells of Bi2Te3 and
FeTe2 along the z-direction, for three lattice constants around the equi-
librium lattice constant as shown in the schematic (Figure S1, Support-
ing Information). The PDOS is shown in Figure 4. We also considered
cases where the unit cell was displaced along the y-direction, but the
results were very similar and no change was observed in the DOS,
although the energy was considerably lower (various eV depending on
the case). A general trend seen in Figure 4 is that, as the lattice constant
increases, the DOS becomes sharper and higher around the Fermi level,
especially due to the PDOS of FeTe2. For the smaller lattice constant, as
the size of the supercell along the z-direction increases, the DOS
becomes smoother and smaller around the Fermi level, which seems to
indicate that a larger fraction of pure phases in the mixed-phase gives a
smaller DOS at the Fermi level, and hence, lower σ. The decrease in σ
in the mixed-phase of FeTe2 and Bi2Te3 (compared with that of the
pure systems) is due to interfacial strain, where the major contribution
comes from FeTe2. Moreover, FeTe2 is magnetic and due to magneto-
striction, it prefers to maintain a larger volume in the magnetic state
than in the non-magnetic case. When FeTe2 forms a composite with
Bi2Te3, Bi2Te3 tries to keep FeTe2 as a smaller unit cell, whereas FeTe2
prefers a larger volume. As a result, the FeTe2–Bi2Te3 composite
remains under stress and FeTe2 induces strain in the composite system
that reduces the DOS near the Fermi energy, which is expected to
decrease σ.

2.3. Thermal Properties of Bi2Te3-xFeTe2

The temperature-dependent κtot of Bi2Te3–xFeTe2 (x = 0, 0.01, 0.02,
0.03, and 0.04) are presented in Figure 5a. Interestingly, the κtot values
of the Bi2Te3–0.01FeTe2 samples are lower by about 16% over the
entire temperature range compared to those of the sample without
FeTe2. As discussed above, κtot = κlat + κele. In addition to κlat and κele,
bipolar contributions to the thermal conductivity (κbp) become signifi-
cant in narrow-gap TE materials like Bi–Te, especially at high tempera-
tures. The observed upturns in the κtot curves of Bi2Te3–xFeTe2 (x = 0,
0.01, 0.02, 0.03, and 0.04) samples at temperatures higher than
420 K originate from κbp. Thus, it is important to accurately estimate
the role of κele and κbp in these samples.

First, κele is related to σ according to the Wiedemann–Franz
relationship,[11] κele = LσT, where L is the Lorenz number/function,
and in this work, it is calculated by assuming a single parabolic band
and acoustic phonon scattering in the temperature range 300–470 K
using the following relationships.[45]

S ¼ � kB
e

r þ 5=2ð ÞFrþ3=2 ξð Þ
r þ 3=2ð ÞFrþ1=2 ξð Þ�ξ

� �
(2)

Fn ξð Þ ¼
Z ∞

0

xn

1þ e x�ξð Þ dx (3)

L ¼ kB
e

� �2 r þ 7=2ð ÞFrþ5=2 ξð Þ
r þ 3=2ð ÞFrþ1=2 ξð Þ�

r þ 5=2ð ÞFrþ3=2 ξð Þ
r þ 3=2ð ÞFrþ1=2 ξð Þ

� �2
" #

(4)

Here ξ, Fn(ξ), and r are the reduced Fermi energy (EF/kBT), Fermi
integral with nth order, and scattering parameter, respectively. Here, we
used r = �1/2 for acoustic phonon scattering. Based on the above cal-
culations, L values for all the samples were in the range of
1.71 × 10�8 WΩK�2 to 1.84 × 10�8 WΩK�2 over the whole tem-
perature range. Secondly, κbp depends on individual electrical conduc-
tivity (σi) and Seebeck coefficient (Si), where i = CB or VB and is
related to the conduction band (CB) and valence bands (VB) participat-
ing in transport, as presented in Equation (5).

κbp ¼ σCBS
2
CB þ σVBS

2
VB�

SCBσCB þ SVBσVBð Þ2
σCB þ σVB

� �
T (5)

However, experimentally decoupling band contributions from mea-
sured transport properties is virtually impossible. Instead, temperature-
dependent σi and Si were estimated using a two-band model.[46]

Assuming that both the CB and VB are parabolic and carrier scattering
is limited by acoustic phonon scattering, band parameters such as the
DOS effective mass (mi

* where i = CB, VB) and non-degenerate mobil-
ity related to the magnitude of carrier-phonon interaction (μ0,i where
i = CB, VB) for both CB and VB were fitted to experimental σ and S
curves in Figure 3a,d. Then, σi and Si in Equation (5) were calculated
from the fitted mi

* and Edef,i to estimate κbp. See Supporting Information
for details of the two-band model.

Figure 5b shows the pseudo-experimental κlat obtained by subtract-
ing the calculated κele and κbp from the measured κtot (symbols), and
theoretical κlat computed using the Debye–Callaway model (lines).[47]

Remarkably, the κlat decreased from ∼ 0.60 W m�1 K�1 for the sam-
ple with x = 0 to an extremely low value of ∼ 0.47 W m�1 K�1 for
x = 0.02 at 372 K, which is a reduction of ∼ 27%. A possible expla-
nation for this significant κlat reduction is the heterogeneous interfaces
formed by FeTe2 addition, as discussed above in the TEM results. How-
ever, when larger amounts of FeTe2 were added (x > 0.02), κlat
increased above that of the x = 0.02 sample. To understand the mecha-
nism behind the phonon scattering via FeTe2 incorporation,
the theoretical κlat was fitted to the pseudo-experimental κlat using the
Debye–Callaway model shown in Equation (6),

κlat ¼ kB
2π2v

kBT

ℏ

� �3Z θa=T

0

τtot zð Þ z4ez
ez�1ð Þ2 dz (6)

The τtot, z, θa, v, kB, and ℏ in Equation (6) are the total phonon relax-
ation time, ℏω/kBT (where ω is phonon angular frequency), Debye
temperature, speed of sound, Boltzmann constant, and Planck’s constant.
The τtot depends on the individual phonon scattering mechanisms that
are active for a specific defect structure of a material. For Bi2Te3–xFeTe2
(x = 0, 0.01, 0.02, 0.03, and 0.04), τtot is as shown in Equation (7),

τtot zð Þ�1 ¼ τU zð Þ�1 þ τB zð Þ�1 þ τNP zð Þ�1 (7)

The τU, τB, and τNP in Equation (7) are the phonon relaxation time
due to Umklapp phonon–phonon scattering (Umklapp scattering),
boundary scattering (grain boundary scattering), and nanoparticle
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scattering, respectively.[47] Because both TEM and density functional
theory results suggest that the probability for atomic substitution (Fe
doping) is small, phonon scattering due to point defects were
neglected. For the x = 0 sample, the τtot required to calculate κlat was
only estimated with τU and τB because no FeTe2 nanoparticles were
present in the sample (black line in Figure 5b). The τU and τB are pro-
vided in Equations (8) and (9) below.

τU
�1 ¼ AN

2

6π2ð Þ1=3
kBV1=3 γ2ω2T

Mv3
(8)

τB
�1 ¼ v

d
(9)

The terms AN, V, γ, M, and d are the fitting parameters that account
for normal phonon–phonon scattering, atomic volume, Grüneisen
parameter, atomic mass, and grain size, respectively. Among these
parameters, AN is the only one that we fitted to the experimental κlat.
For all Bi2Te3-x(FeTe2) (x = 0, 0.01, 0.02, 0.03, and 0.04) samples,
the same AN of 9.9 and d of 5 μm were adopted to calculate κlat. While
keeping the same τU and τB, reasonable fits to the pseudo-experimental

κlat were achieved for x > 0 samples, as shown in Figure 5b. Accord-
ing to TEM results (Figure 2), two types of FeTe2 incorporation were
present in the samples: FeTe2 particles (50–300 nm) and nano-
precipitates (<50 nm). Only the phonon scattering due to FeTe2 parti-
cles of 50–300 nm was included in the κlat calculations to minimize
complexity, and the density of nano-precipitates was considered negli-
gible. The phonon relaxation rate for nanoparticle scattering (τNP

�1) is

τ�1
NP ¼ 2πR2NPvρ (10)

where, RNP and ρ are the average size of the nanoparticle and the
density of the nanoparticles, respectively. Because a higher τ�1

NP cor-
responds to stronger phonon scattering, an increase in RNP and ρ
increase the phonon scattering intensity. Because the minimum
size of the FeTe2 particles was ∼ 50 nm, only the geometrical
scattering via nanoparticles was considered.[48] For samples with
x ≥ 0.01, the RNP and ρ extracted from fitting that was used to cal-
culate κlat are given in Table 1. Compared to x = 0.01, the calcu-
lated ρ for x = 0.02 was higher, but both compositions have
similar RNP. However, for x > 0.02, RNP increased significantly,
with a corresponding reduction in ρ. Hence, the reduction in

Figure 4. PDOS of Bi2Te3 and FeTe2 for the mixed phase as a function of the lattice constant (from left to right) and the number of layers in the z-direction
(from top to bottom).

Energy Environ. Mater. 2023, 0, e12663 6 of 11 © 2023 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

 25750356, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eem

2.12663 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [05/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ρ due to a significant increase in RNP is responsible for the
observed increase in κlat for x ≥ 0.03. The fitted RNP and ρ for dif-
ferent x are physically reasonable because the total volume of FeTe2
(/ RNP

3 × ρ) increases with increasing x. Experimentally, the
increase in the size of the FeTe2 is also confirmed from the
x = 0.02 and 0.04 samples. While the average particle size of the
FeTe2 observed in the x = 0.02 sample is approximately 200 nm,
that observed in the x = 0.04 sample amounts to 500 nm (Fig-
ure 2, Figure S9, Supporting Information).

The temperature-dependent zT curves of the
Bi2Te3–xFeTe2 (x = 0–0.04) are shown in
Figure 5c. Interestingly, despite their high σ,
samples with x = 0.02 and 0.03 have the
highest zT (0.84 at 416 K), which is 25%
higher than that of the sample without FeTe2
incorporation. It is worth mentioning that the
maximum zT values of all FeTe2-incorporated
samples are higher over the entire temperature
range tested. This is directly a result of the
addition of appropriate amounts of FeTe2,
which can introduce a suitable quantity of elec-
trons and defects that control the carrier con-
centration and lattice defects. Moreover, in
addition to the power generating efficiency,
the average zT (zTavg) value over the entire tem-
perature range is more significant than the
maximum zT value that can be calculated over
the experimental temperature range (room
temperature-470 K) by integrating the area
under the zT curves according to Equation (11),

zTavg ¼ 1

Th�Tc

ZTh
Tc

ZTdT (11)

Here, Tc and Th are the cold- and hot-side
temperatures, respectively. As shown in
Figure 5d, the zTavg values over the experimen-
tal temperature range were 0.60, 0.69, 0.77,
0.76, and 0.73 for x = 0, 0.01, 0.02, 0.03,
and 0.04, respectively. The excellent perfor-
mance of FeTe2 incorporation in Bi2Te3 moti-
vated us to further explore the origin and the
possibility for further improvement.

Here, we estimated weighted mobility
(μW) values of the CB and VB of Bi2Te3–
xFeTe2, and the results are shown in
Figure 5e. The μW is determined as the prod-

uct of μ0 and (md*/me)
3/2 (where me is the electron rest mass), and it

is closely coupled to the optimum electronic performance of a TE
material.[49] From the band parameters estimated using the two-band
model (see Supporting Information for more details), the μW values
for different FeTe2 contents were obtained. The μW of the CB is
approximately 40% higher than that of the VB for all FeTe2 contents.
Both μW of the CB and VB peak around x = 0.02 and 0.03, respec-
tively. For narrow-band-gap materials like Bi2Te3, the weighted mobil-
ity ratio A (μW of the majority band divided by that of the minority
band) needs to be considered in addition to the μW of an individual
band due to bipolar conduction.[48] If A is high, the S rollover will be
shifted to higher temperatures, and κbp will be low due to suppressed
bipolar effects. Figure 5f shows A for different Bi2Te3–xFeTe2 samples.
Among the samples, those with x = 0.02 and 0.03 have the highest
A, while x = 0.04 has the lowest A. Figure 3d,f shows that the
x = 0.03 sample has the highest S and PF near 475 K. In contrast, the
S of x = 0.04 drops rapidly with temperature, and its PF is the lowest
at 450 K. In other words, samples with x = 0.02 and 0.03 with high
A will have excellent electronic performance at high temperatures.
Because the x = 0.02 and 0.03 samples also have the lowest κlat, their

Figure 5. Temperature dependence of the a) total thermal conductivity, b) lattice thermal
conductivity, c) zT, d) average and maximum zT, e) weighted mobility, and f) weighted mobility ratio
of Bi2Te3–xFeTe2 (x = 0–0.04) samples.

Table 1. Average size (RNP) and density (ρ) of FeTe2 nanoparticles used to
estimate the phonon relaxation rate for nanoparticle scattering in Bi2Te3–
xFeTe2 (x = 0.01–0.04).

Sample RNP (nm) ρ (m�3) RNP
3 × ρ

x = 0.01 270 1.5 × 1019 0.30

x = 0.02 270 5.0 × 1019 0.98

x = 0.03 360 2.3 × 1019 1.07

x = 0.04 500 0.9 × 1019 1.13
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experimental zT values at 475 K are the highest among all samples
(Figure 5c).

2.4. Cu Doping on Bi2Te3–0.02FeTe2

The zT values for n-type Bi2Te3 TE materials were increased after FeTe2
incorporation regardless of the composition. Benefitting from the low-
est κlat and relatively high σ of the x = 0.02 sample, further enhance-
ment in the TE performance was attempted through carrier
optimization. Since it was predicted that the peak zT of Bi2Te3-based
materials lies in the carrier concentration range of ∼ 2 × 1019 cm�3,
which is lower than that of our optimum (x = 0.02) sample ∼ 5.6 ×
1019 cm�3.[50] Therefore, these results motivated us to further tune the
carrier concentrations by acceptor doping. For this purpose, the
x = 0.02 content was fixed in Bi2Te3–xFeTe2 and the Cu was incorpo-
rated for the subsequent investigations.

Figure 6a shows the temperature dependence of σ for Bi2Te3–
0.02FeTe2–yCu (y = 0–0.02). It is interesting to see that for the sample
with a small amount of Cu (y = 0.0050), the σ increased slightly com-
pared to the original composition, while for the heavily doped samples
(y ≥ 0.0075) the opposite trend was observed, as expected. To under-
stand this behavior, temperature-dependent Hall measurements were

performed. It is interesting to see that carrier
concentration decreases systematically over the
entire temperature range with increasing Cu
content, as shown in Figure S6a, Supporting
Information. Moreover, the mobility of the sam-
ples increases with increasing Cu content up to
y = 0.0125 and then decreases with a further
increase in Cu content, as shown in Figure S6b,
Supporting Information. To understand the
mechanism of Cu doping in Bi2Te3–0.02FeTe2,
which leads to p-type and n-type conduction,
we first need to understand the defect mecha-
nism in Bi2Te3-based systems. For this purpose,
we considered a 2 × 2 × 2 supercell of Bi2Te3
and investigated the following defects: (i) Te
vacancy, VTe; (ii) Te anti-site, TeBi, where Te is
substituted into a Bi site; (iii) TeBi + VTe; (iv)
Bi vacancy, VBi; (v) Bi anti-site, BiTe, where Bi is
doped at a Te site; and (vi) BiTe + VBi. The anal-
ysis of the calculated electronic structures of the
above defects shows that the VTe case induces a
hole band on top of the VB. Similarly, for the
TeBi case, the Fermi level is inside the CB edge,
and electron pockets at the Γ point were
observed. Thus, the TeBi defect in Bi2Te3
behaves as an n-type degenerate semiconductor.
For the TeBi + VTe system, some hole and elec-
tron bands were observed, i.e., a compensated
semiconductor. The VBi case also induces holes
and a hole band on top of the VB. Similarly, for
the BiTe case, the Fermi level is inside the VB,
and this system is a kind of p-type degenerate
semiconductor. However, for the BiTe + VBi
system, the bandgap is reduced to 0.045 eV at
the Z point, so this system behaves as a narrow-
bandgap semiconductor. Overall, this mecha-

nism can be understood by the defect reactions shown in Equa-
tions (12) and (13). We dealt with Te-rich Bi2Te3, consequently, TeBi
should be the dominant defect rather than BiTe.

BiBi þ TeTe ! Te｡Bi þ V｡｡
Te þ 3e� (12)

BiBi þ TeTe ! Bi0Te þ V000
Bi þ 4hþ (13)

Cuþ V000
Bi þ 3hþ ! Cu00Bi þ 2hþ (14)

Cuþ V｡｡
Te þ 2e� ! Cu｡i þ e� (15)

Based on the above observations, the mechanism of Cu doping in
Bi2Te3–0.02FeTe2 can be elucidated by two possible assumptions. First,
Cu atoms substitute at Bi sites (CuBi) and act as a p-type acceptor
according to Equation (14). In this case, electron generation would be
suppressed by hole generation, and the carrier concentrations subse-
quently decrease. Second, the Cu atom enters into the interstitial sites in
the crystal lattice (Cui) and makes Cui the dominant defect rather than
CuBi. As discussed above, in the case of Te-rich Bi2Te3, TeBi is the dom-
inant defect, but Cui defects can possibly suppress the formation of TeBi.
This mechanism would decrease the net carrier concentration of Bi2Te3

Figure 6. Temperature dependence of the a) electrical conductivity, b) Seebeck coefficient, c) power
factor, d) total thermal conductivity, e) zT, and f) average and maximum zT comparison for n-type
Bi2Te3-based TE materials.[31,52–56]
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because Cu doping reduces the generation of electrons by reducing the
concentration of TeBi defects. It should be noted that once the solubility
limit of Cu is exceeded, the formation of a pseudo-binary phase can be
formed by the Cu migration inside the Bi2Te3 matrix, affecting thermal
and electrical transport properties. However, in our case, it is believed
that the solubility limit of Cu has not yet been reached.[51] In
addition, we performed TEM analysis on the Cu-doped sample
(Bi2Te3–0.02FeTe2–0.0125Cu) to investigate the possibility of second-
ary phase formation induced by Cu doping. The HRTEM (Figure S10a,
Supporting Information) and corresponding FFT pattern (Figure S10b,
Supporting Information) confirm the presence of FeTe0.9 nanoprecipi-
tate in the Cu-doped sample. A small amount of Cu was detected
within the nanoprecipitate from the EDS line scan result (Figure S10c,
Supporting Information), but it did not affect the structure of the pre-
cipitate. It is noted that the Fe-Te based secondary phase is formed in
the sample regardless of Cu doping. Furthermore, the Cu doping does
not induce the formation of any Cu-related secondary phases.

Figure 6b shows the temperature dependence of S for Bi2Te3–
0.02FeTe2–yCu (y = 0–0.02) samples with n-type conduction for all
samples over the entire temperature range. Moreover, S decreases sys-
tematically with increasing Cu content, which is similar to the variation
in the carrier concentration. It is worth noting that at high temperature,
the absolute value of S decreases with increasing temperature, which is
attributed to the bipolar effect and wide shoulder of the S(T) shift to
lower temperature with increasing Cu content. When optimizing TE
materials by doping, it is usually observed that zT increases with doping
concentration until bipolar effects become active at high doping con-
centrations and thereafter limit the performance. The PF will go
through a maximum and then fall off and bipolar effects will increase
κele and ultimately reduce zT. This suggests that the optimal carrier con-
centration in this work is achieved with less than 2 at% Cu atoms.
Owing to the optimized carrier concentration (0.0125 Cu), a notice-
ably high PF of ∼ 41 × 10�4 W m�1 K�2 was obtained, which is
27% higher than that of the sample without Cu doping (Figure 6c).
Note that the PF of the optimized composition is comparable to that of
zone-melted Bi2Te2.79Se0.21 ingot.

[52] This enhanced PF is attributed to
the combination of an increase in S and an optimal σ. In addition to the
noticeably higher PF, the optimization of the carrier concentration sub-
stantially reduces κele (corresponding to the reduced σ through Cu dop-
ing). Using the Equations (2)–(4), L, κlat, and κele were calculated;
markedly reduced κele was observed as the Cu-doped samples have
much lower κtot than the undoped material (Figure 6d).

Benefitting from the simultaneously higher PF and reduced κtot, the
zT of the Cu-doped samples substantially increased (Figure 6e). Overall,
zTmax increases from ∼ 0.68 for Bi2Te3 to 0.83 for Bi2Te3–0.02FeTe2,
and ∼ 1.08 in Bi2Te3–0.02FeTe2–0.0125Cu at 395 K, accordingly.
The zTavg value in the temperature range of 300–470 K enhances dra-
matically for optimal Cu doping (Figure 6f), where zTavg value increases
∼ 68% compared to pristine Bi2Te3 ( ∼ 0.60 for Bi2Te3, ∼ 1.01 for
Bi2Te3–0.02FeTe2–0.0125Cu). This value is the highest achieved so far
for an n-type Se-free Bi2Te3 system, which is comparable to most Se-
containing Bi2Te2.7Se0.3 systems.[31,52–56] Our approach could provide
a facile strategy to enhance the TE performance of various matrix mate-
rials, and we expect a higher TE performance through additional textur-
ing techniques such as hot deformation. Further, exploring the
possibility of introducing other types of nanoinclusions and dopants
could lead to further enhancement of the thermoelectric performance
of Bi2Te3-based thermoelectric materials. The developed thermoelectric
device could be integrated with other p-type materials to measure the

conversion efficiency and improve their overall performance. With this
progress, materials could be used in a broad spectrum of energy har-
vesting and waste heat recovery applications, contributing to the sus-
tainable development of society. Further efforts could be made the
long-term durability and to improve the stability of the device, as well
as to optimize the cost-efficiency of the synthesis process. The next step
would be to intensify the synthesis process and explore potential com-
mercial applications of these materials, such as recovering residual heat
in automotive or industrial environments.

3. Conclusion

In summary, we have achieved a significant improvement in the TE
performance of Se-free Bi2Te3-based TE material using facile processes
including melt spinning and spark plasma sintering. The spontane-
ously generated FeTe2 nanoinclusions reduce the lattice thermal con-
ductivity and significantly increase the Seebeck coefficient. In
addition, the Cu doping in Bi2Te3–0.02FeTe2 as an accepter consider-
ably enhances PF, where the optimum composition of Bi2Te3–
0.02FeTe2–0.0125Cu gives a maximum zT value of 1.08 at 395 K,
which is 60% higher than that of the pristine Bi2Te3 materials.
Most importantly, the zTavg increased from ∼ 0.60 (Bi2Te3) to
∼ 1.01 (Bi2Te3–0.02FeTe2–0.0125Cu) in the temperature range of
300–470 K relevant for low-temperature waste-heat recovery. Over-
all, this study could provide a facile approach of spontaneous nanoin-
clusion structure (without any additional process) and achieving high
zT using a Se-free TE material that has promising potential for TE
commercialization in terms of stability and performance.

4. Experimental Section

Experimental details: For the synthesis of Bi2Te3–xFeTe2 (x = 0, 0.01, 0.02, 0.03,
and 0.04) and Bi2Te3–0.02FeTe–yCu (y = 0–0.02) ingots, high-purity elements
(>99.99%) were used as starting materials. Mixtures of raw materials were sealed
in a vacuum quartz ampule and heated to 1373 K for 4 h followed by a dwell at
973 K for 6 h and then quenching in cold water. The ingots were then placed in
a graphite nozzle with a 0.4 mm diameter in an induction heater for an MS pro-
cess, and the rotating speed of the Cu wheel was optimized to 1120 × g. Thin rib-
bons were formed by the MS process, which had an amorphous structure on the
contact surface and crystalline nanostructure on the free surface. The melt-spun
ribbons were roughly pulverized into powders and sintered using SPS at 773 K
for 3 min under 60 MPa. The crystal structure of the sintered pellets was deter-
mined by XRD (New D8 Advance, Bruker, Cu Kα), and the microstructure of the
composites were investigated by SEM (JSM-7600F, JEOL) with EDS. A thin sample
was prepared by mechanical polishing followed by Ar ion milling (PIPS, Gatan
Corporation). For the microstructural analysis, a scanning TEM system (Titan 80–
300, FEI Corporation) equipped with a Cs probe corrector and EDS was used. The
chemical states of nanoinclusions were analyzed by XPS measurement. The σ and
S were measured from room temperature to 473 K using a four-point-probe
measurement system (ZEM-3, ULVAC-RIKO), and the thermal diffusivity values
were measured by a laser-flash analysis method (TA Instruments, DLF 1300). The
carrier concentrations and mobilities were measured using a Hall measurement
system (HT-Hall, ResiTest 8300, Toyo Corporation). The uncertainties in all of our
data were less than 5%.

Simulations: Density functional theory simulations were performed with the
SIESTA code. We used a double-zeta polarized basis set and a real-space mesh
defined with a plane-wave cutoff value of 300 Ry. We employed GGA, as well as
the GGA + U functional with a U term of 5.0 eV for the d orbitals of Fe to cor-
rectly describe the electronic structure of FeTe2 and FeTe2–Bi2Te3. We relaxed the
atomic positions until all forces were smaller than 0.05 eVÅ�1, and the unit cell
was relaxed until the stress was smaller than 1 GPa. Our GGA optimized values
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of lattice parameters of marcasite FeTe2 are a = 5:33 Å; b = 6:25 Å; c = 3:84 Å,
which agree with the experimental values of a = 5:275 Å; b = 6:269 Å;
c = 3:872 Å. Our optimized values for Bi2Te3 are a = 4:40; c = 30:89. These
numerical values illustrate the accuracy of our computational parameters. We
first calculated the electronic structure (DOS and bands) of the undoped mate-
rials. The GGA + U calculated bandgap of FeTe2 is 0.33 eV, which is comparable
with previous works.[57] We stress that GGA cannot correctly describe the elec-
tronic structure of FeTe2 and the inclusion of U is necessary in this case. The
GGA calculated bandgap of Bi2Te3 is 0.32 eV. This implies that strong correlations
are most important in FeTe2.
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