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ABSTRACT

We report thermoelectric and electrical transport properties of Bi1.8Sb0.2Te3-ySey by tuning y. In contrast to the reported p-type conductivity
of the end compounds with y¼ 0 and 3, a dominant n-type conduction mechanism is observed for y¼ 1.5 from the Hall measurement.
Intriguingly, the magneto-Seebeck consequence is enhanced up to � 20 times for y¼ 1.5 compared to the end members. The reasonable
value of magnetoresistance with an anisotropic character with respect to the direction of the magnetic field is observed at low temperature,
which decreases with increasing temperature. The density of state at the Fermi level near room temperature correlates high Seebeck coeffi-
cient as well as magneto-Seebeck effect. High magneto-Seebeck effect at room temperature is promising for the application.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0053151

High performance thermoelectric (TE) materials are the smart
energy materials, which can efficiently convert the heat energy to the
electrical energy.1–8 In principle, plenty of available waste heat can be
employed to generate electricity using the promising TE materials.9–11

Practically, the promising TE materials have been proposed for effi-
cient TE energy converters, such as refrigerators and thermostats.12,13

Importantly, this technology is eco-friendly and does not emit pollut-
ant, which relieves the global climate change. Therefore, exploring
high TE materials and tuning of their TE properties by different
parameters are desirable for the applications. Tuning of Seebeck (S)
coefficient driven by the magnetic field (H) or magneto-Seebeck effect
has been recently proposed as a promising technique in various sys-
tems, including magnetic tunnel junction,14 charge ordered com-
pound,15 multilayer films involving giant magnetoresistance,16

bismuth micro-wire,17 Dirac semi-metal,18 and topological insulators
(TI).19,20

Topological insulators recently attract special attention for the
advanced thermoelectric energy conversion and regulation of S with
H, which has been attributed to the topological spin texture.21

Interplay between the tuning of carrier concentration, manipulation of
density of states, and the intricate phonon scattering has been pro-
posed to lead the crucial role for high S in TI.22 For example, hole dop-
ing in Bi2�xSbxTe3 has been recognized as a rich platform for tuning
TE properties.23,24 The n-type Bi2Te3 compound becomes p-type
attributed to the hole doping in Bi1.8Sb0.2Te3 and becomes promising
TE material.25,26 The optimization of the electronic properties has

been further tuned by manipulating y in Bi2�xSbxTe3-ySey.
27–31

Although the studies of the TE properties have been attempted quite
adequately on different TIs, tuning of the TE properties by the external
parameters is rather less explored at room temperature, focusing on
the applications.

In this Letter, we report efficient manipulation of S by the mag-
netic field or significant magneto-Secbeck effect at room temperature
in Bi1.8Sb0.2Te3-ySey by tuning y. We note that the value of S is consid-
erable as � –160lV/K close to room temperature for y¼ 1.5.
Intriguingly, we observe strong H dependence of S at room tempera-
ture. The change in S (DS) is promising up to �38lV/K at 300K for
H¼ 70 kOe. We note that Hall mobility is strongly influenced by the
y-values, where the n-type charge carrier mainly dominates for
y¼ 1.5, in contrast to that reported p-type conduction mechanism for
the end members with y¼ 0 and 3. A reasonable magnetoresistance
(MR) is observed, which is anisotropic in character with respect to the
direction of H. The charge carrier densities and MR have been corre-
lated with promising magneto-Seebeck effect.

Single crystals of Bi1.8Sb0.2Te3-ySey (BSTS) with y¼ 0, 1.5, and 3
are grown using the modified Bridgman method.31 The shiny silver-
colored single crystals are obtained with a maximum area of �3
� �2mm. The phase purity is initially determined at 300K for both
the powder and crystals by the x-ray diffraction (XRD) technique
using Cu-Ka radiation in a PANalytical X’Pert PRO diffractometer.
Synchrotron diffraction studies are further carried out at low tempera-
tures in the range of 10–300K with a wavelength of 0.14235 Å
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(87.1 keV) at the P07 beamline of PETRA III, Hamburg, Germany,
using a 2D Perkin Elmer detector. The analysis of these synchrotron
powder diffraction data is done using Rietveld refinement with a com-
mercially available MAUD software. High resolution transmission
electron microscopy (HRTEM) is performed by using a JEOL TEM
2010. Energy dispersive x-ray spectroscopy (EDS) is performed in a
JEOL JSM-6010LA scanning electron microscope (SEM) to confirm
the composition and the homogeneity of the single crystal. X-ray pho-
toemission spectroscopy (XPS) is recorded with a spectrometer of O
micrometer Nanotechnology. The Seebeck coefficient is measured
using a home built setup coupled to the multifunctional probe of the
PPMS system of Quantum Design (PPMS-II).32 Electrical transport
measurements are done in the same system (PPMS II, Quantum
Design) using the standard four-probe technique.

Here, detailed investigations are carried out mainly for the BSTS
single crystal with y¼ 1.5. The powder x-ray diffraction (XRD) studies
are performed on the fine powder of the crashed crystal at 298K. The
XRD pattern is depicted in Fig. 1(a) for y¼ 1.5. The continuous curve
shows the Rietveld refinement using the R�3m space group, which is
consistent with the previous reports.27–29 The bars depict the diffrac-
tion peak positions, whereas the difference plots shown below the dif-
fraction patterns confirms the phase purity and indicates the absence
of any unidentified phase. The lattice constants are obtained to be
a¼ 4.3848(1), c¼ 30.5065(5) Å. The refined coordinates are Bi
[0,0,0.4027(2)], Sb [0,0,0.4027(2)], Te1 [0,0,0.1966(4)], Te2 (0,0,0), Se1
[0,0,1966(4)], and Se2 (0,0,0) with the reliability parameters, Rw

(%)¼ 4.69, Rexp (%)¼ 2.80, and v2¼ 1.67. Figure 1(b) depicts the
XRD patterns of the crystals along the planes parallel to the (003)
plane. The sharp peaks confirm reasonably good crystalline nature.
Insets of Figs. 1(a) and 1(b) illustrate the selected area electron diffrac-
tion (SAD) pattern and HRTEM image, showing a clean image of a
(012) plane. The periodic pattern of the spots in the SAD image dem-
onstrates the (012) and (113) planes and further implies the high qual-
ity of the crystal. The refined lattice constants a and c, as obtained
from the refinement, are plotted with temperature, which are shown

in Fig. 1(c). Both the lattice constants, a and c, decrease linearly with
the decreasing temperature until �75K, below which they decrease
slowly with further decreasing temperature.

Kelvin probe force microscopy is used to determine the work
function. Figure 1(d) exhibits the contact potential difference (CPD)
mapped on the surface of the crystal with respect to a highly oriented
pyrolytic graphite (HOPG), where inset shows the contact potential
image. A straight line on the image guides the direction of mapping on
the surface. By taking into account of the work function of HOPG, the
value of work function of the BSTS crystal with y¼ 1.5 is found to be
4.81 eV. The value is much smaller than pristine Bi2Te3 (5.25) and
Bi2Se3 (5.60 eV),27 pointing that an upward shift of the chemical
potential leads to the reduction of the work function. The XPS images
of Bi, Sb, Se, and Te are shown in Figs. 1(e)–(h), respectively, where
the deconvoluted components are obtained from the 4 f7=2 and 4 f5=2
contributions for Bi, and 3 d5=2 and 3 d3=2 contributions for rest of the
elements. The deconvoluted components are shown by the continuous
curves. Using the XPS, one can determine the composition between
the elements. For example, the ratio between Se and Te can be
expressed as qSe/qTe¼ (ISe/SSe)/(ITe/STe). Here, q is the atomic density,
I is the integrated peak intensity, as obtained from the area under the
deconvoluted curve, and S is the atomic sensitivity factor.33

Considering the available values of SBi; SSb; SSe, and STe from the liter-
ature,34 the values of qBi=qSb; qBi=qTe; qBi=qSe, and qTe=qSe are
9.136, 1.193, 1.185, and 0.994, respectively, which provides the ratio of
Bi:Sb:Te:Se to be 1.780:0.196:1.505:1.517. The ratio is found to be close
to 1.790:0.195:1.495:1.527, respectively, for Bi:Sb:Te:Se, as obtained
from the SEM EDS, which is also close to the desired composition.

The resistivity (qxx) is measured in field and with H applied par-
allel (jj) and perpendicular (?) to the crystallographic c-axis. Here, the
suffix “xx” points to the direction of current and measured voltage in
the same direction. Here, the direction of H for the jj and ? compo-
nent of qxx is always ? to the direction of current. Initially, qxxðTÞ
[left axis] decreases with decreasing T and it increases below
�80K, displaying a minimum for the measurement in zero-field, as

FIG. 1. X-ray (a) powder diffraction patterns (symbols) with Rietveld refinement (solid curves) and (b) diffraction pattern of a single crystal along the planes parallel to the (003)
plane at 298 K. Insets of (a) and (b) depict SAD pattern and HRTEM image, respectively. T variations of lattice constants (c) a and c. (d) Mapping of contact potential difference
(CPD) on the crystal surface with respect to HOPG and contact potential image (inset). XPS images of (e) Bi, (f) Sb, (g) Se, and (h) Te for Bi2�xSbxTe3-ySey with x¼ 0.2 and
y¼ 1.5.
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shown in Fig. 2(a). In field, the positive magnetoresistance (MR)
emerges, as shown by the increase in qxx. The jj and ? components of
qxx are shown by the continuous and broken curves, respectively. Both
the jj and ? components of MR [right axis], defined as [qxxðHÞ
� qxxðH ¼ 0Þ]/qxxðH ¼ 0Þ, are depicted with T in Fig. 2(a). The
MR-H curves at different T are shown in Fig. 2(b). The value of MR of
the jj component is reasonable as �23 at 2K and for H¼ 90 kOe.
The jj component of MR is always larger than the ? component in
the high-H regime, whereas it is opposite below �65 kOe. Current
investigation is not sufficient enough to predict the nature of the
Fermi surface (FS). However, similar results have been occasionally
observed in topological semi-metals, proposing the anisotropic FS
from the direction dependent MR results.35–37 Here, BSTS single crys-
tal with y¼ 1.5 exhibits semi-metallic character. Here, we do not
observe any Shubnikov-de Haas oscillation for characterizing topologi-
cal insulating character until the measurement of 90 kOe. The ampli-
tude of the Shubnikov-de Haas oscillations is damped exponentially
with decreasing magnetic field.38 The damping may be attributed to
both disorder broadening of the Landau levels and thermal spread of
the Fermi function, which is predominant until 90 kOe for y¼ 1.5.
Nevertheless, the topological insulating properties may be identified
from their response to an electromagnetic field.39 Under the proper
conditions, TIs have a universal quantized magnetoelectric response
coefficient e2=2h. However, it is quite difficult to achieve the response
in real materials that can have disorder, finite chemical potential, and
residual dissipation factor.

To probe the carrier concentration (ne) and mobility (le), the
resistivity is recorded in the Hall geometry, where the qyx is defined as
qyx ¼ (Vy=IxÞt, t (here, t¼ 0.05mm) being the thickness of the sam-
ple, and Vy being the transverse voltage in H, recorded along the ?
direction to Ix. The linear qyx � H is depicted in the inset of Fig. 2(c)
at selected T, pointing to a dominant single charge carrier. The analysis
of the qyx �H curve pzrovides neðTÞ and leðTÞ, which are shown in
Figs. 2(c) and 2(d), respectively, as a function of T. Initially, neðTÞ
decreases slowly with increasing T, which is followed by another rapid
decrease above �200K. leðTÞ increases initially; then, it becomes flat
above �75K, and a sharp rise in le is observed close to room
temperature.

Thermoelectric properties with T and H are investigated along
the crystallographic c-axis. The values of S with T are depicted in
the inset of Fig. 3(a). The values of S are always negative, pointing a
dominant electron conduction, which is consistent with the Hall
results. With increasing T, the jSj increases with increasing T and
the value of jSj is considerably large as �160 lV/K at 300K, which
is comparable to those for n-type Bi2Se3

40 and Bi2Te3.
41 We further

note that the values of S are þ13.5 and þ9.5 lV/K, respectively, at
300 K. The value of jSj is correlated with the carrier density (n) for
the highly degenerate electron gas, following the proposed

Mott–Jones relation as S ¼ p2K2
BT

3q ½
d ln rðEÞ

dE �E¼EF , where r is the con-

ductivity, q ¼ 6e (hole/electron).42 The value of S correlates the
term in the third bracket, where the density of state at the Fermi
level leads a significant role.43 The role of charge scattering anisot-
ropy on the thermoelectric properties is another important parame-
ter, which has been discussed in the (Bi,Sb)2(Te,Se,S)3 solid
solutions.44 Here, the change in n-type charge scattering anisotropy
due to fractional substitution of Se atoms in the BSTS may lead sig-
nificant role on tuning the value of S for y¼ 1.5.

Figure 3(a) depicts the H dependence of change in S, defined as
DS=S ¼ ½SðHÞ � SðH ¼ 0Þ�=SðH ¼ 0Þ at selected T. The value of
jDS=Sj increases with H as well as T. Here, the maximum value of
jDS=Sj is observed to be �24% at 300K for H¼ 70 kOe. Considering

FIG. 2. (a) T variations of jj and ? components of qxx (left axis) for H¼ 0, 30, and
70 kOe and MR (right axis) at 70 kOe. (b) jj and ? components of MR–H curves at
selected T. T variations of (c) ne and (d) le. Inset of (c) depicts qyx curves with H
for for Bi1.8Sb0.2Te3-ySey with y¼ 1.5.

FIG. 3. (a) DS=S with H at selected T for Bi1.8Sb0.2Te3-ySey with y¼ 1.5. Inset of
(a) depicts T variation of S at H¼ 0. (b) DS with H at 300 K for y¼ 0, 1.5, and 3.0.
Inset of (b) depicts the plot of Dq=q with DS=S for different temperatures at
H¼ 70 kOe. Linearity of the plot below �100 K is indicated by the broken straight
line.
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the diffusion mechanism of a single bandmetal with the n-type carrier,
the H dependence of S is given by the Mott relationship,45,46 SðHÞ
¼ a½ðr2bþ r2

xycÞ=ðr2 þ r2
xyÞ� with r ¼ nel; rxy ¼ nel2H; a ¼ p2

k2BT=3e; b ¼ @ lnr=@f, and c ¼ @ lnrxy=@f with f being a chemical
potential. Here, the H dependence of S(H) is influenced by the rij. A
strong correlation between MR and DS=S has been discussed in few
systems, such as Ag2�dTe,

47 Sb2�xSnxTe3,
32 and Sb2Te2Se.

48 Inset of
Fig. 3(b) depicts the values of Dq=q with -DS=S for H¼ 70 kOe at dif-
ferent temperatures, where H in both the measurements is applied
along the [001] direction. Linearity of the plot is indicated by the bro-
ken straight line below �100K, where MR is more than �10%. The
results may indicate that the �DS=S may be correlated with Dq=q
below�100K. However, it does not hold at higher temperature, where
jDS=Sj is higher and MR is lower in magnitude. Adequate experimen-
tal investigations with proper theoretical understanding of the
magneto-Seebeck consequence need to be explored to understand the
underline mechanism. Figure 3(b) depicts DS with H at 300K for
y¼ 1.5, which is compared with the results of the crystals for y¼ 0
and 3, exhibiting contrast behavior. The value of DS at 300K for
H¼ 70 kOe is considerable as �38lV/K for y¼ 1.5. Remarkably, the
value of jDSj is �20 times larger than the values for y¼ 0 and 3. The
results indicate that the doping at y is crucial for tuning the magneto-
Seebeck coefficient in Bi1.8Sb0.2Te3-ySey, where large magneto-Seebeck
effect is observed with the n-type conduction mechanism in contrast
to the p-type conductivity observed for the end compounds.49

In conclusion, a large magneto-Seebeck effect is observed for n-
type Bi1.8Sb0.2Te1.5Se1.5, which is �20 times higher than the end com-
pounds having p-type conductivity. Magnetoresistance of BSTS
(y¼ 1.5) is reasonable, which relates linearly to the magneto-Seebeck
effect at low temperature. Current investigation proposes that Seebeck
coefficient can be efficiently manipulated by the magnetic field at
room temperature, which attracts the community for the applications.
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