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A B S T R A C T

The effect of isovalent sulfur substitution on the thermoelectric properties of n-type Bi2Te2.7Se0.3 alloy has been
studied systematically. At low sulfur concentrations, where the samples are single phase, changes in defect
chemistry and density of states impacted significantly electrical resistivity and thermopower. Isovalent sulfur
substitution enhanced thermopower and reduced thermal conductivity for both single and multiphase samples.
This reduction in thermal conductivity was particularly noticeable in samples containing Bi2S3-based secondary
phase, reaching a low thermal conductivity of ~0.3 W m− 1 K− 1 at 525 K. A maximum figure of merit, zT, of 0.55
was achieved for the sample with the highest sulfur content, demonstrating the potential of this approach to
optimise the thermoelectric performance of Bi2Te3-based materials.

1. Introduction

Alloys of chalcogenides (Te and Se) and pnictogenides (Bi and Sb)
have shown the best performance for low-temperature range power
generation [1–3]. In particular, binary p-type and n-type compounds are
the best-performing thermoelectric materials at around room tempera-
ture [4–10]. The presence of Se at Te sites creates donor levels that in-
creases the carrier concentration, and alloying decreases the thermal
conductivity [11,12]. The anisotropy of the layered crystal structure
also plays an important role in its efficiency [13,14].

The addition of dopants such as Cl [15], Cu [16], Zn [17], I [18], and
CuI [19] has been shown to improve the power factor of Bi2Te2.7Se0.3,
while nano-precipitates have been proposed to decrease the thermal
conductivity and increase thermoelectric efficiency (zT). Recently, there
has been great interest in the isovalent substitution of sulfur for Te sites
in p-type [20,21] and n-type [2,22] bismuth telluride alloys. Sulfur af-
fects the naturally occurring antisites and Te vacancies, increasing the
carrier concentration of these alloys [2]. Isovalent sulfur doping has
enhanced both the thermopower and electrical conductivity of Bi2Te2Se
through modification of the conduction band of this compound, which is
very sensitive to spin-orbit splitting [23], and increased effective mass
[24]. The formation of secondary phases owing to the addition of sulfur

[25,26] resulted in a decrease in thermal conductivity by introducing
multiscale scattering of phonons [26].

Here, we have systematically investigated the effect of Bi2S3 alloying
on the thermoelectric properties of n-type doped Bi2Te2.7Se0.3 com-
pound. Unlike previous studies that focused either on light sulfur doping
or on the effect of secondary phases on the transport properties of the
compound [2,22], our work systematically explores a wide range of
sulfur concentrations, covering both regimes. At low sulfur concentra-
tions, changes in the density of states and defect chemistry significantly
altered electrical resistivity and thermopower. At higher sulfur con-
centrations, above 2.5 %, a Bi2S3-based secondary phase formed in the
matrix, remarkably effective at reducing thermal conductivity,
approaching theoretical minimum values. This approach allows us to
investigate the transition from single-phase to multiphase systems and
their impact on thermoelectric properties. Our study is motivated by the
potential of sulfur to simultaneously modify the electronic structure at
low concentrations and introduce beneficial microstructural changes at
higher concentrations. These findings highlight promising strategies to
engineer high-performance n-type Bi2Te3-based thermoelectric
materials.
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2. Experiments

2.1. Samples fabrication

High purity elements of bismuth shots (Bi, 99.999 %, Alfa Aesar),
tellurium chunks (Te, 99.999 %, Alfa Aesar), selenium shots (Se, 99.999
%, Alfa Aesar), and sulfur pieces (S, 99.99 %, Alfa Aesar) were weighted
according to the stoichiometry of Bi2− y/3Cry/3

[
(Te2.7Se0.3)1− xSx

]

1− yCly
where x = (0, 0.003, 0.008, 0.025, 0.05, and 0.2) and y = 0.005. All
samples are doped with the same concentration of CrCl3 to increase the
charge carrier concentration; for simplification, they are referred to as
Bi2Te2.7Se0.3 − xBi2S3 throughout the text. Raw elements were loaded
into vacuum-sealed quartz ampules in an inert atmosphere glove box
and sealed under vacuum. The ampules were heated to 850 ◦C, held at
this temperature for 12 h, quenched in cold water, and annealed at
450 ◦C for 72 h. The resulting ingots were then ground by hand into fine
powders in an agate mortar and pestle in a glove box and sintered under
vacuum to produce 11 mm diameter rods using spark plasma sintering
(SPS) technique (KCE FCT-H HP D-25 SD, FCT Systeme GmbH, Rauen-
stein, Germany) at a pressure of 50 MPa and a temperature of 400 C for
4 min. The densities of all samples were measured from the dimensions
and weight of the rods. The average density of the samples was
approximately 89 % of their theoretical density (see Table S1 for more
details). The samples exhibited a high ratio of porosity due to the low
actual force applied by the SPS equipment, resulting in an effective
pressure lower than the set one and consequently samples of lower
density.

2.2. Materials characterization

Powder X-ray Diffraction (PXRD) measurements were conducted on
a PANalytical X’Pert Pro diffractometer with Cu–K α 1 radiation (λ =

0.15406 nm, 40 kV, 40 mA). The lattice parameters and quantitative
phase percentages were determined by the Rietveld refinement method
using the GSAS-II software [27].

2.3. Thermoelectric transport properties

Simultaneous measurements of electrical resistivity and thermo-
power were conducted on an LSR-3 (Linseis) system. Thermal conduc-
tivity was calculated as κ = D⋅cp⋅d, where D, cp, and d are the thermal
diffusivity, specific heat capacity, and density, respectively. Thermal
diffusivity was measured by the laser flash analysis (LFA) method using
an LFA 467 HyperFlash, Netzsch. The specific heat capacity was deter-
mined using a differential scanning calorimeter (DSC 8000, Perki-
nElmer) using the sapphire standard method (ASTM Standard E1269
[28]).

The room temperature Hall coefficient (RH) measurement was car-
ried out on an ECOPIA 3000 Hall Effect Measurement System with a
magnetic field of 0.55 T.

The longitudinal speed of sound was measured using the pulse-echo
method at room temperature via an ultrasonic thickness gauge (38DL
PLUS, Olympus).

3. results and discussion

3.1. Structural and phase analysis

The PXRD patterns of Bi2Te2.7Se0.3 − xBi2S3, x = (0, 0.003, 0.008,
0.025, 0.05, and 0.2) are shown in Fig. 1. All samples showed a
Bi2Te2.7Se0.3 hexagonal primary phase (space group R3m, PDF Card
#050–0954), and samples with x > 0.025 contained an orthorhombic
crystal structure of Bi2S3 secondary phase (space group Pnma, PDF Card
#04-014-6675). The estimated phase composition, lattice parameters,
and crystallite size are given in Table 1 The small peaks for the

secondary presented in the diffraction patterns of x = 0.025 and 0.05 do
not allow for an accurate estimate of the crystallite size of the samples,
so they are not reported here.

3.2. Electronic transport properties

The temperature dependence of electrical resistivity (ρ), thermo-
power (α), and thermal conductivity (κ) was measured at the perpen-
dicular (in-plane) direction relative to the sintering pressure. Fig. 2(a)–
(d) show, respectively, the electrical resistivity, thermopower, power
factor (PF, α2/ρ), and thermal conductivity of Bi2Te2.7Se0.3 − xBi2S3, x=
(0, 0.003, 0.008, 0.025, 0.05, and 0.2) samples. The electrical resistivity
of the single-phase samples x = 0 and 0.003 (Fig. 2(a)) shows intrinsic
semiconductor behavior with values decreasing with temperature [29].
The electrical resistivity of the multiphase samples with x = 0.025 and
0.05 shows the intrinsic behavior as well, whereas the electrical re-
sistivity of the sample with x = 0.2 shows a weak metallic behavior with
a small positive slope of dρ/dT. The low charge carrier concentrations
(Table 2) explain the exhibited intrinsic behavior of these samples.

The addition of sulfur to the samples increases the electrical re-
sistivity of the samples at concentrations of x= 0.003, 0.008, 0.025, and
0.05.

The resistivity values reported here are higher than those found in
the literature for Bi2Te2.7Se0.3 [30,31], but similar to those observed in
porous samples [32]. Our sintered samples exhibited a relative density
of approximately 89 %, indicating a significant level of porosity. This
high porosity plays a crucial role in scattering charge carriers, which in
turn reduces their mobility and increase the electrical resistivity [33].

Hall effect measurements were performed at 300 K to measure the
Hall coefficient of the samples and to evaluate their Hall carrier con-
centration (nH = 1/(RH ⋅e)) and mobility (μH = RH/ρ), as shown in
Table 2. The charge carrier concentration of single-phase alloys (x = 0,
0.003 and 0.008) has increased slightly by alloying; however, the carrier
concentration variation of multiphase compounds shows no specific
trend. The observed changes in the carrier concentration of the sulfur-
alloyed samples can be explained by the defect control in the system.
Bismuth telluride alloys typically exhibit three major atomic defects
[16]: (a) antisite defects of Bi at Te sites (BíTe, which contributes one
hole per defect); (b) vacancies at Te sites (V⋅⋅

Te, which contributes two
electrons per defect); (c) and vacancies at Bi sites (Vʹ́ʹ

Bi, which contributes
three holes per defect) [34,35] (represented using the Kröger-Vink no-
tation [36]). The addition of selenium in these alloys tends to increase
the number of vacancies in Te (V⋅⋅

Te) and Se (V⋅⋅
Se) since the enthalpy of

evaporation of Se (95.48 kJ mol− 1 [37]) and Te (114.1 kJ mol− 1 [37]) is
much lower than that of Bi (178.632 kJ mol− 1 [38]); this increases the
carrier concentration of electrons and contributes to the n-type behavior

Fig. 1. Powder X-ray diffraction patterns of Bi2Te2.7Se0.3 + xBi2S3 x = (0,
0.003, 0.008, 0.025, 0.05, and 0.2). Peaks of Bi2S3 are marked with a blue
star (★).
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of these materials with high carrier concentrations [39,40]. The low
value of the thermopower (Fig. 2(b)) for the sample with x = 0 at room
temperature (∼ − 12.5 μV K− 1) indicates that vacancy of Te and Se is not
the most prevalent mechanism in our samples, but most likely antisite

defects are responsible for the changes in carrier concentration of single
phase samples in our study [20,41]. For the single-phase samples, the
charge carrier concentration increases with the concentration of sulfur,
most likely due to increased sulfur vacancies because of easy evapora-
tion of sulfur. However, the mechanism is different for the multiphase
samples. The carrier concentration of multiphase samples
(0.025 ≤ x ≤ 0.2) can be described by sulfur defects (V⋅⋅

S
)
, which con-

tributes to two electrons per defect. This sulfur vacancy in the sulfur-rich
secondary phase appears to balanced out the reduction (fractional) of
the electron-donating defects present in the Bi2Te2.7Se0.3 phase, main-
taining a relatively constant carrier concentration. Meanwhile, the
unique electronic behavior of the sample with x = 0.2 suggests that
high-energy donors are accessible from the conduction band of the
matrix and contribute to the electronic conduction of this sample. A
possible explanation for this effect is that the interface between the two
phases forms an intermediate band of impurity states [42,43].

Table 1
Phase analysis of Bi2Te2.7Se0.3 + xBi2S3, x = (0, 0.003, 0.008, 0.025, 0.05, and 0.2) obtained from the Rietveld refinement of the powder X-ray diffraction patterns.

Bi2Te2.7Se0.3 Bi2S3

x . a = b (Å) c (Å) D (μm) wt. % a (Å) b (Å) c (Å) D (μm)

0 4.3605(5) 30.2661(19) 0.52 … … … … …
0.003 4.3751(4) 30.3880(18) 0.57 … … … … …
0.008 43844(7) 30.2565(28) 0.53 … … … … …
0.025 4 3492(3) 30.3002(22) 0.6 5.1(4) 11.505(13) 4090(5) 11.142(15) …
0.05 4.3600(29) 30.153(15) 0.65 11.6(16) 11.446(30) 4.159(12) 10.687(21) …
0.2 4.3733(7) 30.416(5) 0.59 23.0(4) 11.239(10) 4.0609(15) 11.492(8) 0.58

Fig. 2. Temperature dependence of the (a) electrical resistivity, (b) thermopower, (c) power factor, and (d) thermal conductivity of Bi2Te2.7Se0.3 − xBi2S3, x = (0,
0.003, 0.008, 0.025, 0.05, and 0.2) samples.

Table 2
Hall carrier concentrations and mobility of Bi2Te2.7Se0.3 + xBi2S3, x= (0, 0.003,
0.008, 0.025, 0.05, and 0.2) samples.

X nH ( × 1019 cm− 3) μH (cm2 V− 1 s− 1)

0 1.57 224.0
0.003 2.74 81.19
0.008 2.58 131.0
0.025 1.42 76.75
0.05 1.88 73.06
0.2 7.73 47.55
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The single-phase sample (x = 0) shows a carrier concentration of
1.57 × 1019 cm− 3 and carrier mobility of 224 cm2 V− 1 s− 1 at 300 K. The
Hall carrier mobility of samples decreases with the increase in sulfur
content, reaching the lowest value of 47.55 cm2 V− 1 s− 1 for the multi-
phase sample x = 0.2; most likely due to the increased scattering at the
interfaces between phases. On the other hand, the carrier concentration
shows the opposite trend to the resistivity, with its maximum value of
7.73 × 1019 cm− 3 for the sample with the highest concentration of
secondary phase (x = 0.2). This dependence of the carrier concentration
and mobility on the sulfur concentration indicates that the reduction in
electrical conductivity is due to the decrease in carrier mobility, while
the significant improvement for x = 0.2 is due to the increase in carrier
concentration.

The thermopower for all samples has negative values at room tem-
perature, indicating n-type conduction (Fig. 2(b)). The linear depen-
dence of thermopower to temperature up to 350 K for all samples
indicates that at this temperature range, the main parameter effects on
thermopower is the thermal diffusion of electrons, as predicted by
Mott’s formula [44]. This linear relationship between thermopower and
temperature is observed over the whole measured temperature range for
sulfur-free and lightly alloyed samples (x = 0, 0.003, and 0.008).

It is well known that the thermopower is strongly dependent on the
band structure and the density of states (DOS) around the Fermi level
(EF) [45]. Given the high sensitivity of the thermopower values to the
sulfur concentration, it can be inferred that the presence of sulfur in
these samples significantly changes the DOS around EF. This significant
dependence of the DOS on sulfur content was previously observed in a

Bi0.5Sb1.5Te3 alloy [41]. The magnitude of the thermopower for samples
with added sulfur was generally higher than that of the sample without
sulfur. (∼-12.5 μV K− 1) and ranged from ∼-46.8 μV K− 1 for the sample
with x = 0.008 to ∼-173.9 μV K− 1 for the sample with x = 0.025.

Multiphase samples of x = 0.025, 0.05, and 0.2 have the highest
values of α, comparable to those found in the literature [19], and pre-
sented nonlinear behavior at high temperatures, exhibiting bipolar
conduction [46]. The presence of additional phases in a material with
highly mismatched band structures can introduce the energy filtering
effect, screening out low energy carriers using a potential barrier that is
proportional to the difference in electron affinity of the materials,
resulting in an increased thermopower of the bulk material [47].
Considering the low values of α for the sulfur-free sample, the power
factor of all samples with added sulfur is higher than that of the
sulfur-free sample (Fig. 2(c)). The combination of low resistivity and
relatively high thermopower of the sample with x = 0.02 resulted in the
highest PF for this sample.

In general, the thermal conductivity of the sulfur-containing samples
is lower than that of the single-phase sulfur-free sample, except for the
sample with x = 0.008 (Fig. 2(d)).

To understand the contribution of phonons and both majority and
minority carriers to the heat transport mechanisms in the materials, the
two-band model, described in the Supporting Information, was used to
evaluate the lattice thermal conductivity of these samples. Measured
thermopowers, carrier concentrations, and electrical resistivities were
used to estimate the density of state effective mass, m∗

DOS, for both holes
and electrons, the deformation potential, Edef , of the conduction and

Fig. 3. Temperature dependence of the (a) electronic, (b) bipolar, and (c) lattice thermal conductivities (estimated from the two-band model and the Wiedemann-
Franz law; detailed in the SI) of Bi2Te2.7Se0.3 − xBi2S3, x = (0, 0.003, 0.008, 0.025, 0.05, and 0.2).

R. Fortulan et al.
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valence bands, and the reduced Fermi level. The fitted values for the
multiband model are provided in the Supporting Information.

The calculated values of the electronic, bipolar, and lattice contri-
butions to the total thermal conductivity of samples are shown in Fig. 3
(a)–(c), respectively.

The electronic thermal conductivity, κe, follows the same behavior of
the electrical resistivity, with the low resistivity samples showing higher
values of electronic thermal conductivity. The bipolar thermal conduc-
tivity values show an exponential increase with temperature due to the
thermal activation of minority carriers [46]. The presence of sulfur
reduced the values of κbp, with the lowest values for the samples with
high concentrations of sulfur up to ∼ 450 K, possibly due to the presence
of additional majority carriers in these materials. Care must be taken in
interpreting these results, as these models assume samples as
single-phase alloys, while many thermoelectric materials, including
some compounds of the current study, contain a substantial ratio of
secondary phases.

The lattice thermal conductivity of sulfur alloyed samples decreased
significantly compared to the single-phase sulfur-free sample, except for
the sample with x = 0.008. It is worth noting that this sample has a
higher relative density (~95 %) than other samples (See Table S1 for
detailed densities), resulting in a much higher electrical conductivity
(Fig. 2(a)) and consequently electronic contribution to the total thermal
conductivity (Fig. 3(a)) of this sample relative to others. This has
therefore resulted to apparent higher lattice thermal conductivity for
this sample in Fig. 3(c).

The multiphase sample with the highest sulfur concentration and the
largest proportion of secondary phase, x = 0.2, had a surprisingly low
value of κl, approaching Clarke’s limit [48] of κmin ≈ 0.261 W m− 1 K− 1

for Bi2Te3 at higher temperatures. The behavior of κl is mainly deter-
mined by the phonon-scattering mechanisms that occur in the materials,
including phonon-phonon normal/Umklapp process scattering, bound-
ary scattering, and pore scattering [49]. The remarkably low values of
lattice thermal conductivity in these samples are attributed to: the
relatively high porosity values due to the low density of the sintered
samples, which created additional scattering centers [50,51]; and the
presence of a secondary phase, which created additional boundary
scattering.

3.3. Figure of merit, zT

The temperature dependence of the thermoelectric figure of merit

(zT) for samples of Bi2Te2.7Se0.3 − xBi2S3, x = (0, 0.003, 0.008, 0.025,
0.05, and 0.2), are shown in Fig. 4.

The zT values of sulfur-added Bi2Te2.7Se0.3 samples increase signif-
icantly compared to sulfur-free samples. Notably, the maximum zT value
of approximately 0.55 is achieved for the sample with x = 0.2. This
enhancement in zT is attributed to the concurrent improvement in the
thermopower and a reduction in the thermal conductivity. Despite
considerable improvement of zT values for sulfur-added samples
compared to sulfur-free compound, the zT value of our samples remain
relatively low compared to the samples with similar compositions re-
ported in the literature that reached zT of up to 1.2 [16,30,52–59].
Although, we are confident that low efficiency of our samples is due to
their low relative density, we have compared the efficiency of our best
sample with the literature, using a raincloud plot of zT values for
Bi2Te2.7Se0.3-based compounds at temperatures of 300 K, 400 K, and
500 K (Fig. 5). These values were obtained from an open database for
materials, Starrydata [60], using a Python API. The plot includes values
of our Bi2Te2.7Se0.3 + 0.2 at.% Bi2S3 sample.

The zT values of our sample is located at the minimum values of the
dataset at room temperature and increases towards the lower quartile of
the data at higher temperatures of 400 K and 500 K. Notably, the dis-
tribution of zT values in the literature are heavy tailed with a large
spread of values, specifically at 400K, indicating that our data is not an
outlier. Although the average zT values show an upward trend from
room temperature and reduction at 500K, the efficiency of our sample
remained relatively constant over the measured temperature range.

The primary factor contributing to low zT values in this study is the
low density of samples, which led to high electrical resistivity. However,
our samples were prepared at the same conditions, which allowed us to
study the effect of added Bi2S3 on the transport electronic properties of
these samples regardless of their relatively high porosity.

4. Conclusion

Here, Bi2Te2.7Se0.3 compound was systematically alloyed with Bi2S3
demonstrating improved thermoelectric properties, especially for
multiphase compounds. In lightly alloyed samples (x ≤ 0.008), sulfur
changed the density of states and defect chemistry, significantly
affecting the electrical resistivity and thermoelectric power. At higher
sulfur concentrations (x≥ 0.025), a Bi2S3-based secondary phase formed
and significantly improved the thermopower from − 12.5 μV K− 1for the

Fig. 4. Temperature dependence of zT for Bi2Te2.7Se0.3 + xBi2S3, x = (0, 0.003,
0.008, 0.025, 0.05, and 0.2) samples.

Fig. 5. The zT values of Bi2Te2.7Se0.3-based samples obtained from the Star-
rydata open database [60] (presented in grey), compared with our sample of
Bi2Te2.7Se0.3 − 0.2 Bi2S3 (marked with orange stars (★)) at temperatures of 300
K, 400 K, and 500 K. Data is shown as a raincloud plot, showing the raw data,
calculated boxplots, and estimated density distributions.

R. Fortulan et al.
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sulfur-free sample to − 173.9 μV K− 1 for x= 0.025, likely due to impurity
band formation at phase interfaces. This secondary phase also effec-
tively reduced the thermal conductivity, with the x = 0.2 sample
reaching a remarkably low lattice thermal conductivity of ~0.3 W m− 1

K− 1 at 525 K, approaching the theoretical minimum of Bi2Te3. Overall,
sulfur alloying successfully reduced thermal conductivity while
increasing thermal performance in both single-phase and multi-phase
samples, achieving a maximum zT of 0.55 for x = 0.2 compared to
~0.05 for the sulfur-free sample.

These results highlight the potential of isovalent sulfur substitution
and secondary phase formation as promising strategies to improve
Bi2Te3-based thermoelectric materials, potentially leading to more
efficient devices for waste heat recovery and cooling applications.
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