
Improved Thermoelectric Performance in n−type Bi2(Te,Se)3 Alloys
through the Incorporation of Fe Nanoparticles
Kyungmi Lee, Gwansik Kim, Sung Wook Ye, Jeongmin Kim, Jong Wook Roh,* and Wooyoung Lee*

Cite This: ACS Appl. Energy Mater. 2024, 7, 9300−9306 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Herein, we investigated the thermoelectric proper-
ties of Fe-BTS (Bi2Te3-based compound) samples fabricated
through nanometal decoration and spark plasma sintering. We
examined the effects of Fe nanoparticle (NP) addition on the
power factor (PF), thermal conductivity (κ), and figure of merit
(ZT) of the samples. The incorporation of Fe NPs led to a
significant increase in the PF of the Fe-BTS samples, surpassing the
performance of the pristine sample by over 34%. This improvement
is attributed to the combined effects of carrier concentration tuning
and low-energy carrier filtering. Additionally, the thermal
conductivity of the Fe-BTS samples was significantly reduced due
to enhanced phonon scattering at the increased interfaces.
Consequently, a maximum ZT value of 1.09 was achieved at 363 K for the Fe-BTS sample with an Fe content of 0.3 vol %.
These findings highlight the crucial role of interface engineering in enhancing the thermoelectric properties of materials.
KEYWORDS: thermoelectric materials, thermoelectric, sintering, nanostructured materials, electrical properties, Bi2(Te,Se)3

1. INTRODUCTION
The Seebeck effect, discovered in 1821, has sparked significant
interest in the exploration of thermoelectric (TE) materials
due to their ability to convert heat into electrical energy and
vice versa. Over the years, the integration of nanotechnology
and nanomaterials into the field of thermoelectrics has led to
the development of more efficient and cost-effective thermo-
electric materials and devices.1−5 As the demand for
sustainable energy sources rises and the call for more efficient
and environmentally friendly technologies grows, there has
been a renewed interest in nanomaterial-based thermoelectrics.
Among these materials, Bi2(Te,Se)3 (BTS) alloys have been
extensively studied as well-known n−type thermoelectric
materials with a high performance near room temperature.6−14

The thermoelectric properties of BTS can be finetuned by
varying their composition and microstructure.15−17 Recently,
the thermoelectric performance of BTS was enhanced by
incorporating magnetic nanoparticles (NPs) into the ma-
trix.18−24 Despite the introduction of such complex processes
for enhancing the thermoelectric performance, dramatic
improvements have been limited in n-type BTS thermoelectric
materials due to the difficulty in optimization of power factor
(PF).
The introduction of NPs to bulk BTS is an effective way to

reduce the total thermal conductivity (κtotal) by acting as a
phonon scattering source.25−27 Moreover, the incorporation of
magnetic NPs have been one of methods to increase the
Seebeck coefficient (S) of thermoelectric materials through the

interaction between the spin of the electric carriers and
magnetic field of the nanoparticles.18,28,29 As a result of
synergetic effect that caused by the reduced thermal
conductivities and enhanced Seebeck coefficient, the thermo-
electric figure of merit (ZT = σS2T/κtotal, where T is
temperature) can be strengthened by the introduction of
magnetic NPs. Herein, the TE properties of Fe-BTSs
fabricated by simple methods of Fe NPs introduction and
spark plasma sintering (SPS) were investigated. The PF of the
Fe-BTS samples increased by >34% compared with that of the
pristine sample. Moreover, the κ of these samples decreased
owing to the intensified phonon scattering caused by the
increased interface density and multiple phonon scattering.

2. EXPERIMENTAL SECTION
The Fe-BTS samples (Fe 0.1−0.5 vol %) were synthesized by the
nanometal decoration technique30−33 and SPS method. Zone-melted
commercial BTS ingots were utilized to synthesize the BTS matrix
materials (LIVINGCARE Co., Ltd.). The BTS ingots were pulverized
into powders using a ball mill (Pulverisette 7) for 10 min under an Ar
atmosphere to prevent oxidation of the pristine powder. To decorate
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Fe NPs on the surface of BTS powders, iron (II) acetate
[(CH3COO)2Fe, Alfa Aesar] and sieved BTS powder were mixed
using a high energy ball milling process for 5 min under Ar
atmosphere. Mixed powders of iron(II) acetate and BTS-based
powders were annealed at 473 K for 3 h under a mixed gas
atmosphere (95% N2 and 5% H2) to remove the acetate
(−CH3COO−). The annealed powder was sintered via SPS at 773
K for 2 min under 30 MPa in a vacuum using a graphite die with a
diameter of 10 mm.

X-ray diffraction (XRD, Ultima IV/ME 200DX) with CuKα
radiation was used to characterize the phase formation of the samples.
The lattice parameters were calculated using Rietveld refinement.
High resolution transmission electron microscopy (HRTEM) and
energy dispersive spectrometry (EDS) were performed using an
instrument for field emission transmission electron microscopy (FE-
TEM, Titan G2 ChemiSTEM Cs Probe) to determine the size and
position of the Fe NPs in the Fe-BTS samples.

The thermoelectric properties were measured on the plane
perpendicular to the pressing direction. The temperature dependence
of σ and S of the Fe-BTS samples was measured using a commercial
TE measurement instrument (ZEM-3) within the range of 303−483
K under low pressure He gas. The κtot values were calculated using the
equation κtot = ρsCpλ, where ρs is the density, Cp is the specific heat
capacity, and λ is the thermal diffusivity. λ was determined using the
laser flash method (LFA-457) under vacuum from 303−483 K, and
the Cp value was constant at 0.157 J g−1 K−1. Hall effect measurements
were performed in a van der Pauw configuration under a constant
magnetic field (1 T) at 303 K. The carrier concentration (nc) and
carrier mobility (μHall) were estimated using a one-band model,
disregarding the minority carriers. The work function of the BTS
sample was estimated using ultraviolet photoemission spectroscopy
(UPS, ESCALAB 250Xi) with a He(I) radiation source (hν = 21.2
eV). The magnetic properties of the Fe-BTS samples were measured
using a vibrating sample magnetometer (VSM, 8600 Series VSM) at
room temperature.

3. RESULTS AND DISCUSSION
The microstructures under several Fe-BTS conditions were
investigated to reveal the relationship between the micro-
structure and thermoelectric properties. Figure 1a presents the
XRD patterns of the Fe-BTS samples (Fe 0−0.5 vol %). All the
patterns coincided with the rhombohedral R3̅m space group as
the major phase, and the lattice parameters for all the samples
were similar. The diffraction peaks from Fe NPs are not
detected in the Fe-BTS samples due to their low concen-
tration.
Figure S1 shows the SEM and EDS images of the fractured

surfaces of the Fe-BTS samples. The compacted polycrystalline
bulks, exhibiting fine-layered and clean microstructures, are
shown in Figure S1. The grain size of the nanocomposites
gradually decreased from >10 μm (pristine) to 3 μm (0.5 vol %
Fe-BTS sample), suggesting that the Fe NPs act as the grain
growth inhibitor in grain boundaries.34,35 However, the grain
growth inhibition by Fe NPs exerted no effect on the TE
properties because the microsized grains did not significantly
affect phonon and electron transport. In addition, we observed
that the Fe content became more evenly distributed as the
amount of Fe NPs increased, whereas the atomic contents of
Bi, Te, and Se remained constant. To investigate the size and
location of Fe NPs in the 0.5 vol % Fe-BTS sample after the
SPS process, TEM was performed. As shown in Figure 2a, Fe
NPs were observed at the grain boundaries in the scanning
transmission electron microscopy-high-angle annular darkfield
(STEM-HAADF) image. Notably, the TEM-EDS images in
Figure 2b show Fe NPs with diameters >100 nm at the grain
boundaries as well as well-dispersed Fe atoms within the BTS

matrix. At lower Fe content (≤0.2 vol %), the SPS process
facilitated the diffusion of Fe atoms into the BTS matrix
(Figure S2). However, at higher Fe content (≥0.3 vol %), the
presence of Fe NPs at the grain boundaries could be attributed
to diffusion suppression or precipitation, depending on the
solubility limit.

In this study, the mechanisms of Fe diffusion were
elucidated by investigating the electron and thermal transport
properties. The temperature dependences of σ, S, PF, κ, and
ZT of the Fe-BTS samples were assessed to examine the

Figure 1. (a) XRD patterns and (b) lattice parameters a and c of Fe-
BTS samples (Fe 0.1−0.5 vol %).
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influence of Fe addition on their thermoelectric properties
(Figure 3).
The σ of the Fe-BTS samples initially increased with

increasing Fe content up to 0.2 vol %, but started to decrease
for higher Fe content (≥0.3 vol %) indicating the optimum
point. The increase in σ at lower Fe content (≤0.2 vol %) is
due to Fe atoms diffusing into the BTS matrix, where they act
as n-type dopants, resulting in an increase in nc (Table 1).
However, as the Fe content increases, the Fe NPs begin to
inhibit diffusion or precipitate, leading to a decrease in σ. All
the BTS samples showed negative S throughout the measured
temperature range, which is characteristic of n−type semi-
conductor behavior. Notably, the S values of the Fe-BTS
samples increased with higher Fe content (≥0.3 vol %), while
the samples with lower Fe content (≤0.2 vol %) exhibited
similar S values to the pristine sample. The S values of Fe-BTS
samples reached the maximum point of 210.9 μV K−1 at T =
363 K for 0.5 vol %. This increase is due to scattering of the
low energy carriers at the interface between the BTS matrix

and Fe NPs with band bending. In addition, the electronics
transport properties, particularly the S, are affected by multiple
scattering caused by the randomly turned magnetic moment
due to the superparamagnetism of the Fe NPs.28,36 The
magnetic properties of Fe-BTS samples are shown in Figure
S3. To further clarify this observation, we calculated the nc and
μHall at room temperature from the Hall-effect measurements
by applying the one-band model, disregarding the minor
carriers, as shown in Table 1.

The nc values of the low-Fe-content BTS samples (8.0 ×
1019 and 7.3 × 1019 cm−3 for 0.1 and 0.2 vol % Fe-BTS
samples, respectively) were higher than that of the pristine
samples. Conversely, the high Fe content samples had lower
carrier concentrations (ranging from 2.5 × 1019 to 4.1 × 1019
cm−3) compared to the pristine sample. In addition, an inverse
relationship between nc and μHall was observed, indicating that
electron−electron scattering dominates the carrier transport.37

The DOS (density of state) effective mass value (md*) was
calculated based on the electronic transport properties. The
md* was obtained from the measured S and nc values using eq 1.
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where kB, h, and e are the Boltzmann constant, Planck’s
constant, and elementary charge, respectively.38−40 Figure 4a
shows S as a function of nc for all the samples at 303 K. The
solid lines were calculated for md* = 0.9, 1.2, 1.3, and 1.5 m0. As
shown in the Pisarenko plot (Figure 4a), the md* changed
significantly with the amount of Fe added. Notably, the md*
slightly increased from 0.98 m0 (pristine sample) to 1.08−1.11
m0 (0.1 and 0.2 vol % Fe-BTS samples) by a small amount
(≤0.2 vol %) of Fe doping. Thus, the PF in the inset of Figure
3b could be slightly enhanced owing to the synergetic effects of

Figure 2. (a) STEM-HAADF image and (b) STEM-EDS image of the
0.5 vol % Fe-BTS sample.

Figure 3. Temperature dependence (a) electrical conductivity (σ), (b) Seebeck coefficient (S), (c) thermal conductivity (κ), and (d) figure-of-
merit (ZT) values of Fe-BTS samples (Fe 0−0.5 vol %). (Inset of (b): The calculated PF, inset of (c): the sum of the lattice and bipolar thermal
conductivity (κlat + κbp)).
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the carrier concentration tuning and enhanced md* because of
the Fe doping.
Conversely, the md* of the BTS sample with high Fe content

(≥0.3 vol %) decreased from 1.01 m0 (0.3 vol % Fe-BTS
sample) to 0.84 m0 (0.5 vol % Fe-BTS samples) depending on
the Fe content. Based on XRD analysis, we observed that the
crystal structures of all samples remained unchanged.
Consequently, we assume that the observed reduction in md*
in the high-Fe-content BTS samples is primarily due to the
pronounced interface effect between the BTS matrix and the
Fe NPs precipitated at the grain boundaries.37 To investigate
this further, the interface potential difference was studied by
comparing the work functions of the BTS matrix and the Fe
NPs. The work function of the pristine BTS matrix was
obtained from the following eq 2.

hv Ecut off= (2)

where hv is the phonon energy and Ecut−off is the binding
energy of the cutoff (Figure 4b). When comparing the work
functions of Fe (4.5 eV)41 and the BTS matrix (5.0 eV), a

difference was observed at the interface potential barrier.42

Figure 4c shows a schematic of the potential barrier formed at
the interface between the BTS matrix and Fe NPs. This
potential barrier causes a band-bending effect, leading to low-
energy carrier filtering.30,35,37,43−46 The reduction in nc in the
high-Fe-content BTS samples can be ascribed to this low-
energy carrier-filtering effect, wherein the low-energy carriers
are filtered and trapped by the interfacial potential difference.
Moreover, the significant increase in the μHall and small md*
values, as shown in Table 1 and Figure 4a, provide clear
evidence of the low-energy carrier filtering effect. Conse-
quently, we achieved the enhanced PF values of 3.51 mW m−1

K−2 at 303 K and 3.23 mW m−1 K−2 at 363 K in the 0.3 vol %
Fe-BTS samples. This improvement in the PF was ascribed to
a significant increase in the S resulting from the low-energy
filtering effect. When Fe NPs are dispersed in BTS, the low-
energy filtering effect causes low-energy carriers to be filtered
or scattered, resulting in high-energy carriers primarily
contributing to conduction and thereby enhancing the S.37

Low-energy carrier filtering allows for the selective trapping of

Table 1. Electric Conductivity (σ), Seebeck Coefficient (S), Carrier Concentration (nc) and Mobility (μHall) at 303 K of Fe-
BTS Samples (Fe 0-0.5 vol %)

Σ (104 S m−1) S (μV K−1) nc (1019 cm−3) μHall (cm2 V−1 s−1)

BTS 16.7 (±0.8) −125.4 (±2.2) 6.2 (±0.2) 166.5 (±3.1)
BTS + 0.1 vol % Fe 19.2 (±0.9) −117.1 (±7.8) 8.0 (±0.3) 148.1 (±2.5)
BTS + 0.2 vol % Fe 17.6 (±1.4) −128.1 (±6.0) 7.3 (±0.5) 148.6 (±4.8)
BTS + 0.3 vol % Fe 11.8 (±0.8) −172.3 (±9.4) 4.1 (±0.4) 179.5 (±3.2)
BTS + 0.4 vol % Fe 9.8 (±0.7) −187.8 (±7.1) 3.2 (±0.3) 189.7 (±2.7)
BTS + 0.5 vol % Fe 8.1 (±0.5) −199.2 (±4.8) 2.5 (±0.2) 202.0 (±4.2)

Figure 4. (a) Pisarenko plot of Fe-BTS samples (Fe 0−0.5 vol %), (b) UPS spectrum of the pristine BTS matrix, and (c) schematic of band
structure and interface potential difference owing to low energy carrier filtering effect between the BTS matrix and Fe NPs.
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low-energy carriers, leading to an increase in thermopower and
consequently enhancing the PF.
We measured the thermal transport properties of the Fe-

BTS samples in the same direction as the electronic transport
properties. Figure 3c shows κtot as a function of the
temperature for the Fe-BTS samples. Across the entire
measured temperature range, the κtot values of all the Fe-
BTS samples were lower than those of the pristine sample. In
addition, the reduction in the majority of carriers (electrons)
caused the minimum peak of κtot to shift from higher
temperatures to room temperature owing to the enhanced
contribution of bipolar thermal conduction. The κlat + κbp value
was calculated to confirm the phonon scattering effect. We
estimated the κele value using the Wiedemann−Franz law (κele
= LσT), where L represents the Lorenz number, calculated
using eq 3

Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑL

S
1.5 exp

116
= + | |

(3)

where L and S are 10−8 W Ω K−2 and μV K−1, respectively.47

The inset of Figure 3c shows the temperature dependence of
κlat + κbp for the Fe-BTS samples. Most κlat + κbp values for the
Fe-BTS samples were lower than those of the pristine sample
owing to intensified phonon scattering (point defects,
nanoprecipitation, and grain boundaries), particularly at 303
K. The introduction of Fe NPs could cause intensified
multiscale phonon scattering from the atomic-scale (point
defects) to the microscale (nanoprecipitation and grain
boundaries).48 In addition, the magnetic properties of Fe
NPs could affect their thermal transport properties. The
magnetic properties of the Fe-BTS samples are shown in
Figure S3. The Fe-BTS samples exhibited superparamagnetic
behavior owing to magnetic impurity doping or Fe NPs
precipitation. The presence of superparamagnetic Fe NPs
poses a challenge to their integration into BTS lattice due to
fight against the spin splitting. Consequently, the reduction of
lattice defects with the addition of Fe NPs leads to a decrease
in the κlat + κbp values at low temperatures.
Although the κlat values of these samples were reduced by

integrated scattering, some Fe-BTS samples exhibited high κlat
+ κbp values due to the cancellation of bipolar thermal
conduction resulting from the low nc values. Additionally, the
increase in κlat + κbp values at higher temperatures is due to the
bipolar diffusion effect, resulting from the thermal activation of
charge carriers trapped by the interfacial potential.37 Therefore,
higher ZT values were obtained for all Fe-BTS samples over a
wide temperature range. The 0.3 vol % Fe-BTS sample
achieved a maximum ZT value of 1.09 at 363 K. Considering
the ZT values of the pristine sample, 0.3 vol % Fe-BTS sample
exhibits increased values by >93% and >75% at 303 and 363 K,
respectively. This enhancement in ZT for the Fe-BTS samples
was realized by simultaneously controlling the electronic and
thermal transport properties. This suggests that enhancing the
TE properties through the introduction of magnetic metal NPs
can be effectively achieved by precisely controlling the
interface potential barrier.

4. CONCLUSION
In our comprehensive exploration of the TE properties, we
researched into the unique characteristics exhibited by the Fe-
BTS samples, precisely fabricated through the integration of Fe
nanometal decoration and SPS processes. Notably, the PF of

these Fe-BTS samples exhibited a remarkable increase of more
than 34% when compared to the pristine sample. This
enhancement could be ascribed to the synergistic effects
stemming from both of nc tuning and low-energy filtering. The
interesting aspect of this improvement lies in the involved
interplay of factors. The nc tuning synergized with the low-
energy filtering, resulting in a collective boost to the PF.
Furthermore, our investigation revealed a concurrent reduction
in thermal conductivity (κ) for the Fe-BTS samples. This
reduction in thermal conductivity is ascribed to the intensified
scattering of phonons induced by two primary factors: the
increased interface density within the material and the
occurrence of multiple scattering events. The intricate interplay
of these factors, intricately manipulated through the fabrication
processes, leads to a notable decrease in thermal conductivity.
As a cumulative effect of the increased PF and reduced thermal
conductivity, the Fe-BTS samples achieved an impressive
thermoelectric figure of merit (ZT) value. Specifically, we
recorded a maximum ZT value of 1.09 at 363 K for the Fe-BTS
sample containing 0.3 vol % of Fe nanometal decoration.

In essence, our study not only reveals the intricate dynamics
of nanometal decoration and SPS processes in determining the
thermoelectric behavior of Fe-BTS samples but also
emphasizes the critical role of interface manipulation as a
strategic avenue for enhancing thermoelectric properties. This
nuanced understanding opens avenues for future advance-
ments in the field of thermoelectric materials by providing
valuable insights into the mechanisms controlling their
performance.
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