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Bi,Te;-based materials have drawn much attention from the thermoelectric
community due to their excellent thermoelectric performance near room
temperature. However, the stability of existing n-type Bi,(Te,Se); materials is still low
due to the evaporation energy of Se (37.70 kj mol ') being much lower than that of
Te (52.55 kJ mol~"). 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 Bi,Te;-based
materials by maximizing the electronic transport while suppressing the phonon
transport, at the same time. Spontaneously generated FeTe, 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 Bi,Te;—0.02FeTe,, a high power factor of ~ 41 X 10 *Wm ' K > with
an average zT of 1.01 at the temperature range 300470 K are achieved, which are
comparable to those obtained in n-type Bi2(Te,Se); materials. The proposed approach
enables the fabrication of high-performance n-type Bi,Te;-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
Bi,Te;-based materials will become possible.

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.!
sors and coolers for temperature-controlled

1,2 .
] Powerlng remote sen-

drug delivery systems make TE devices ideal for
applications in industries.*~! The performance
of TE materials depends on the dimensionless
figure-of-merit 7T = 6S°T /K, Where S, ©, Koy,
and T are the Seebeck coefficient, electrical con-
ductivity, total thermal conductivity, and abso-
lute temperature, respectively.’~'%1 Moreover,
Ko consists of two terms, namely the lattice
thermal conductivity (k) and electronic ther-
mal conductivity (Kee). The Kee is calculated
using the Wiedemann-Franz law k. = LoT,
where L is the Lorenz number.''™'*l To
enhance the performance of a TE material, i.e.,
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maximize zT, it is necessary to increase the power factor (PF, 65%) and
concomitantly reduce the kj,. Controlling these three parameters (o, S,
Kior) independently is the key strategy for attaining high zT. Bismuth tel-
luride (Bi,Te;) and its alloys with BiSe; or Sb,Te; rank among the
most important classes of TE materials and are widely used in applica-
tions operating near room temperature.[1 »16]

Introducing defects into the Bi,Te; matrix has been intensively
researched as an effective way to enhance the TE performance. For
instance, in the case of native defects in Bi,Tes, the Te vacancy (Vi)
and antisite defect (Tep;) act as donor-like defects that provide n-type
conduction. On the other hand, the Bi-vacancy (Vg;) and antisite defect
(Bire) are acceptor-like defects that enhance p-type conduction. In addi-
tion, several other strategies have been developed to improve the TE
performance of Bi,Te;-based materials, either by enhancing the PF
through band convergence, low-energy carrier filtering, and doping, or
by reducing ki, by introducing nanosized grain boundaries, dislocation
arrays, and nanoinclusions.['¢72*] 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,?**2?°1 which is not suitable for mass
production.

It is commonly believed that alloying Bi,Te; with isostructural
Sb,Te; improves p-type conduction by band-structure modification and
additional defect scattering of phonons, which has been shown to
achieve a very high 7T ~ 1.86 at 320 k.M Similarly, alloying Bi,Te;
with isostructural Bi,Se; enhances n-type conduction by lowering the
formation energy of anion vacancies (Vg;, Vg,). Nevertheless,
the improvement in zT of n-type Bi,(Te,Se;,); 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.”*~%1 A recent study demonstrated a signifi-
cant improvement of n-type TE performance in Bi; gSb ,Te; 7Seq 3, via
the introduction of dislocation arrays that provide an outstanding zT
value of 1.4 at 420 K.*'1 However, the typical problem with n-type
Bi,(Te,Se; )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 Bi,(Te,Se; )3 that affect the
overall TE properties.””**] 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.****) Such conditions also result in
the physical separation of material from the electrical contacts of the
device [***¢ To mitigate this problem, it is highly desirable to develop
Se-free Bi,Te; alloys with n-type conduction that have high 7T compa-
rable to their p-type counterparts.

Herein, we propose a novel approach to optimize the zT of n-type
Se-free Bi,Tes-based alloys that is comparable to its p-type counterpart.
First, we pursue the strategy of inducing FeTe, 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
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maximize the PF. The remarkable advantage of this strategy is that FeTe,
precipitates scatter the phonons, which results in low i, with high PF,
and the Cu atoms independently control the carrier concentration. This
strategy significantly enhanced the maximum TE figure of merit (zTp,.y)
by more than 60%, i.e., from ~ 0.68 (Bi,Te;) to ~ 1.08 (Bi,Te;—
0.02FeTe,—0.0125Cu), while achieving a Se-free n-type Bi,Tes-based
TE material. Furthermore, the FeTe, 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 Bi,Te;-xFeTe,

First, we prepared the FeTe,-incorporated Bi,Te; samples by MS and
SPS methods. Figure 1 shows XRD patterns of bulk Bi,Te;-xFeTe,
(x =0, 0.01, 0.02, 0.03, and 0.04) samples. The main diffraction
peaks correspond to the rhombohedral Bi,Te; 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 FeTe, (JCPDS #14-0419) are also present in addition to the main
crystal peaks of Bi,Tes, and the intensity of the FeTe, peaks systemati-
cally increases with increasing FeTe, content. Regarding the atomic
radius differences between the Fe (1.35 A) and Bi atoms (1.60 A),B7)
Fe doping on Bi-sites does not seem probable. Still, there are a few
reports that demonstrate Fe doping on the Bi-site of Bi,Te; ****1 The
reason that the FeTe, 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.*"!

To understand the microstructure of the FeTe, phase in Bi,Tes,
transmission electron microscopy (TEM) observations were conducted
over the Bi,Te;—xFeTe, samples. Figure 2 shows representative TEM
images for x = 0.02 (which has the optimized transport properties, see
below). FeTe, phase is found to distribute in the Bi,Te; grain with an
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Figure 1. XRD patterns of the Bi,Tes;—xFeTe, 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 FeTe, 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
FeTe, 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 Bi,Te; matrix are identified as FeTe,, which is consistent
with the XRD data, while the nano-precipitates (<50 nm in size) are
probably FeTego (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., FeTe, and FeTeg o
phases (Figure 2f,g). Lastly, the geometric phase analysis (GPA) was
carried out on the HRTEM image of the Bi,Te;/FeTe, interface in
Bi, Te;—0.02FeTe, (Figure S8, Supporting Information) to investigate
the local lattice distortion in the Bi,Te; matrix caused by the incorpora-
tion of FeTe, nanoprecipitates. The GPA result in Figure S8b, Support-
ing Information, confirms the presence of a noticeable strain field
within the Bi,Te; matrix adjacent to the FeTe, 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

(1015) (3300)

(2315)|

2Z.A.=Bi,Te;[55103]

1012)
' * (0006)

b

Z.A=FeTe,[1210]

Figure 2. a) Low-magnification TEM image of Bi,Te;—0.02FeTe,. b) HADDF image of Bi,Te;—0.02FeTe,.
EDS elemental maps for c) Fe, d) Bi, and e) Te. f, g) HRTEM images of Bi,Te; matrix and precipitates
in the Bi,Te;—0.02FeTe, sample. (inset images) Corresponding diffraction patterns of the selected parts.

Energy Environ. Mater. 2023, 0, 12663

3 of 11

detailed spectra of the Bi,Te;—0.02FeTe, materials, which confirms the
presence of two distinct phases, FeTe, and FeTey o, within the compos-
ite structure, as shown on TEM observation. According to the XPS
results, the amount of FeTe, is approximately 2.7 times higher than
that of FeTepy in the composite material. This finding suggests that
FeTe, is the predominant phase, constituting the majority of the syn-
thesized nanoinclusions, while FeTeyo 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 Bi,Te;—xFeTe, (x = 0, 0.01, 0.02,
0.03, and 0.04) ingots.

To more closely investigate the atomic arrangement of the nano-
precipitates in Bi,Te;, we performed density functional theory calcula-
tions; we considered tetragonal FeTe and calculated its cohesive energy,
and compared it with that of FeTe,. The cohesive energies of FeTe, 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 (FeTeq 5) can be simu-
lated by reducing the content of Te in FeTe, as realized by considering
a single Te wvacancy in a 2 X2 X2 supercell Fej4Tess
(FeyTe;s ~ FeTego3). The cohesive energy of tetragonal FeTeg s is
—4.71 eV, which is close to that of FeTe,. The electronic structure
shows that FeTe, o is metallic, unlike FeTe,, which is a semiconductor.

Consequently, we successfully realized FeTe,
nanoinclusions incorporated Bi,Te; composite
structure, where the FeTe, nanoinclusions are
spontaneously generated during the Bi,Te;
matrix materials without any additional
process.

500 nm 2.2. Electrical Properties of Bi,Te;—xFeTe,

Figure 3a displays the temperature-dependent
o of Bi,Te;-xFeTe, (x = 0, 0.01, 0.02, 0.03,
and 0.04). The o of the samples decreases
slightly with increasing FeTe, content. In addi-
tion, the o decreases with increasing tempera-
ture, suggesting  typical  heavily-doped
semiconducting behavior. To understand the
effects of FeTe, in Bi,Te;, temperature-
dependent Hall effect measurements were per-
formed. Interestingly, with the addition of
FeTe, to the Bi,Te; 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
¢ 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 Bi,Te;. This implies that
the addition of FeTe, nano inclusions modifies
the electronic band structure of the Bi,Te;
matrix material by creating defects or impuri-
ties in the crystal lattice. These defects or impu-
rities introduce additional energy states within

Z.A.=FeTe,[103]
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2 2 incorporation. To further validate the effect
of FeTe, incorporation on the band structure
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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
N fermi level is almost negligible at 300 K

*Jg 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
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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-

300 420 450 480

Figure 3. Temperature dependence of the a) electrical conductivity, b) carrier concentration, ¢) carrier  yted to the increased bipolar conduction in

mobility, d) Seebeck coefficient, and f) power factor of Bi,Tes—xFeTe, (x = 0, 0.01, 0.02, 0.03, and 0.04)
samples. e) Pisarenko relations of Bi,Tes—xFeTe, (x = 0, 0.01, 0.02, 0.03, and 0.04) samples at 300 and 450 K.

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 § of the Bi,Tes;-xFeTe,
(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 § is consistent with the carrier
concentration and o. It is worth mentioning that the S increases with
increasing FeTe, content up to x = 0.03 and then starts decreasing
with a further increase in FeTe, 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. '~
8kl . /m\i
5= 3T (5,) m

where h is Planck constant, kg is Boltzmann constant, mj 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
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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 o, 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 Bi,Te; and
FeTe,. To this end, we first used a supercell of two-unit cells of Bi,Te;
and 4-unit cells of FeTe, on top of Bi,Te; (notice that the FeTe, cells
have to be slightly contracted to adjust to the cells of Bi,Te;). We calcu-
lated the electronic structure (density of states, DOS, and projected den-
sity of states, PDOS) for Bi,Te; and FeTe, at the equilibrium lattice
constant of Bi,Te;. 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 FeTe, and
Bi,Te;. We then simulated the mixed structure at different lattice con-
stants (relative to that of Bi,Te;), to check the effect of the biaxial strain.
The minimum energy corresponds to a lattice constant of 11.697 A,
i.e., slightly expanded with respect to the equilibrium lattice constant of
the Bi, Te; 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

© 2023 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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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 FeTe, incorporation
in Bi,Te; 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 Bi,Te; and
FeTe, 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 FeTe,. 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 o. The decrease in ¢
in the mixed-phase of FeTe, and Bi,Te; (compared with that of the
pure systems) is due to interfacial strain, where the major contribution
comes from FeTe,. Moreover, FeTe, 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 FeTe, forms a composite with
Bi, Tes, Bi,Te; tries to keep FeTe, as a smaller unit cell, whereas FeTe,
prefers a larger volume. As a result, the FeTe,—Bi,Te; composite
remains under stress and FeTe, induces strain in the composite system
that reduces the DOS near the Fermi energy, which is expected to
decrease o.

2.3. Thermal Properties of Bi,Te;-xFeTe,

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

First, kg is related to 6 according to the Wiedemann—Franz
relationship, [l
and in this work, it is calculated by assuming a single parabolic band

Kee = LoT, where L is the Lorenz number/function,

and acoustic phonon scattering in the temperature range 300—470 K
using the following relationships.™**!

S==

kg {(r +5/2)Fy3(8) ¢ )

(r + 3/2)Fr+1/2(§)

(4

R - | LS 3)
o 1 +4ed
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e

Here ¢, F,(§), and r are the reduced Fermi energy (Ep/kpT), 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
171 X 107° WQK * to 1.84 X 10~° WQK * over the whole tem-
perature range. Secondly, ki, depends on individual electrical conduc-
tivity (o;) and Seebeck coefficient (S;), 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).

(r+7/2)F,+5/2(§)_ (r+5/2)F,+3/2(§) :
(4 3/ 12 0 ((r+3/2)Fr+1/z(§)> } @

(Sceoce + SVE.C"VB)2

T 5
ocg 1 Ovp ®)

— 2 2
Kbp = GCBSCB + GVBSVB_

However, experimentally decoupling band contributions from mea-
sured transport properties is virtually impossible. Instead, temperature-
dependent o, and §; were estimated using a two-band model. [*)
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 (g ; where
i = CB, VB) for both CB and VB were fitted to experimental ¢ and S
curves in Figure 3a,d. Then, o; and §; in Equation (5) were calculated
from the fitted m;" and Egef; to estimate Ky, See Supporting Information
for details of the two-band model.

Figure 5b shows the pseudo-experimental kj,, obtained by subtract-
ing the calculated kg and ki, from the measured ki, (symbols), and
theoretical ky,, computed using the Debye-Callaway model (lines).™*’!
Remarkably, the j,, decreased from ~ 0.60 W m~ ' X! for the sam-
ple with x = 0 to an extremely low value of ~ 0.47 W m~' K~' for
x = 0.02 at 372 K, which is a reduction of ~ 27%. A possible expla-
nation for this significant j,, reduction is the heterogeneous interfaces
formed by FeTe, addition, as discussed above in the TEM results. How-
ever, when larger amounts of FeTe, were added (x > 0.02), ki
increased above that of the x = 0.02 sample. To understand the mecha-
nism behind the phonon scattering via FeTe, incorporation,
the theoretical «j,, was fitted to the pseudo-experimental ki, using the
Debye—Callaway model shown in Equation (6),

o ke I(LT 3 ,6,/T Ttor(z) Z4ezdl (6)
lat 217ty h o (Cz—l)z

The 7., z, 6,, v, kg, and 7 in Equation (6) are the total phonon relax-
ation time, Aw/kyT (where @ is phonon angular frequency), Debye
temperature, speed of sound, Boltzmann constant, and Planck’s constant.
The 7, depends on the individual phonon scattering mechanisms that
are active for a specific defect structure of a material. For Bi,Te;—xFeTe,
(x =0,0.01, 0.02, 0.03, and 0.04), 7, is as shown in Equation (7),

=00 @) @ (7)

Tiot (Z)

The 7y, 73, and 7yp in Equation (7) are the phonon relaxation time
due to Umklapp phonon—phonon scattering (Umklapp scattering),
boundary scattering (grain boundary scattering), and nanoparticle

© 2023 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 4. PDOS of Bi,Te; and FeTe, 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).

scattering, respectively.*”] 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 7, required to calculate kj,, Was
only estimated with 7y and 7 because no FeTe, nanoparticles were
present in the sample (black line in Figure 5b). The 7y; and 73 are pro-
vided in Equations (8) and (9) below.

2 V' Pe’T
(67[2)1/3 MV3

(®)

‘FU_1 = Ax

B v
7! =3 )

The terms Ay, V, 7, M, and d are the fitting parameters that account
for normal phonon—phonon scattering, atomic volume, Griineisen
parameter, atomic mass, and grain size, respectively. Among these
parameters, Ay is the only one that we fitted to the experimental K.
For all Bi,Te;-x(FeTe,) (x = 0, 0.01, 0.02, 0.03, and 0.04) samples,
the same Ay of 9.9 and d of 5 pm were adopted to calculate k. While
keeping the same 7y; and 73, reasonable fits to the pseudo-experimental
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ki, were achieved for x > 0 samples, as shown in Figure 5b. Accord-
ing to TEM results (Figure 2), two types of FeTe, incorporation were
present in the samples: FeTe, particles (50—300 nm) and nano-
precipitates (<50 nm). Only the phonon scattering due to FeTe, parti-
cles of 50-300 nm was included in the ki, calculations to minimize
complexity, and the density of nano-precipitates was considered negli-
gible. The phonon relaxation rate for nanoparticle scattering (zp ') is

T = 2R (10)

where, Ryp and p are the average size of the nanoparticle and the
density of the nanoparticles, respectively. Because a higher 7y, cor-
responds to stronger phonon scattering, an increase in Ryp and p
increase the phonon scattering intensity. Because the minimum
size of the FeTe, particles was ~ 50 nm, only the geometrical
scattering via nanoparticles was considered.™*® For samples with
x > 0.01, the Ryp and p extracted from fitting that was used to cal-
culate kj,, are given in Table 1. Compared to x = 0.01, the calcu-
lated p for x = 0.02 was higher, but both compositions have
similar Ryp. However, for x > 0.02, Ryp increased significantly,
with a corresponding reduction in p. Hence, the reduction in

© 2023 The Authors. Energy & Environmental Materials published by
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(a) (b) The temperature-dependent zT curves of the
i G 08 Bi,Te;—xFeTe, (x = 0-0.04) are shown in
B 1 g Calculations Figure 5c. Interestingly, despite their high o,
3 g ™ samples with x = 0.02 and 0.03 have the
:g . g . highest 7T (0.84 at 416 K), which is 25%
2 g higher than that of the sample without FeTe,
§ ’ S o incorporation. It is worth mentioning that the
E . E maximum zT values of all FeTe,-incorporated
é ' g g samples aredhi_grllller ove;l theﬂent]'re terrllper;tutie
£ . range tested. This is directly a result of the
300 330 360 390 420 450 480 S ¢ 300 330 30 a0 4 addition of appropriate amounts of FeTe,,
© w Temperature (K) ) y Temperature (K) which can introduce a suitable quantity of elec-
’ 0:; [ Jmaxer W avgoT trons and defects that control the carrier con-
084 081 centration and lattice defects. Moreover, in
N & 07] addition to the power generating efficiency,
:E: 0.7 £ o06] the average 7T (zT,yg) Value over the entire tem-
E g os] perature range is more significant than the
; 0.6+ E 0.4 maximum T value that can be calculated over
E‘] E’n 031 the experimental temperature range (room
= 05 = g’i: temperature-470 K) by integrating the area
041, ‘ . . ' ' 0:0_ under the zT curves according to Equation (11),
300 330 360 390 420 450 480 0 0.01 0.02 0.03 0.04
© . Temperature (K) ®) L FeTe, contents 1 T,
= - - o o w ’ Tag = e / ZTdT (11)
T =]
N: 60 CB g
2 & Here, T. and T}, are the cold- and hot-side
E 50 'il.m_ temperatures, respectively. As shown in
'é VB VB VB VB £ Figure 5d, the 7T, values over the experimen-
Tw VB E tal temperature range were 0.60, 0.69, 0.77,
=) .Eb 0.76, and 0.73 for x = 0, 0.01, 0.02, 0.03,
s " = and 0.04, respectively. The excellent perfor-
0 001 002 0.03 04 1425+ 001 002 003 004 mance of FeTe, incorporation in Bi,Te; moti-
FeTe, contents FeTe, contents vated us to further explore the origin and the

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 Bi,Te;—xFeTe, (x = 0-0.04) samples.

p due to a significant increase in Ryp is responsible for the
observed increase in 