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Abstract
The thermoelectric performance of pristine BizSes is inferior to that of Bi2Tes. Therefore, the study
on BizSes has faced a decline. The lower performance is due to the low power factor and high thermal
conductivity. In recent years, single aliovalent doping has been adopted to improve the thermoelectric
performance of Bi>Ses. Here, we adopt an isovalent co-doping approach using indium and antimony
to create a manifold enhancement in the thermoelectric performance of BizSes via the creation of
neutral impurities and deep defect states. A high figure of merit (ZT = 0.47) is obtained at 473K for
a doping concentration of 0.1 at.%. The thermoelectric performance obtained for the

Biz_XInXSbZX/3$e3, x = 0.1 at.% is comparable to several reports for pristine Bi2Tes. Our DFT
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calculation reveals an underlying deep defect state located at ~15 eV below the Fermi level. This
leads to enhanced electronic properties via density of state optimization induced by the co-doping.
The isovalent doping is expected to create neutral impurities, which causes less scattering to
conduction electrons while absorbing phonon vibration, thus improving the thermoelectric
performance.

KEYWORDS; Thermoelectric (TE) Enhancement, Metal Chalcogenides, Power Factor (PF),

Bismuth Selenide, Co-doping, Isovalent doping

Introduction

Commercialized thermoelectric materials used for harvesting waste heat energy from the bismuth
chalcogenide (Bi-Chs) family are mainly doped Bi.Tes materials. Bi2Tes materials are known for
their high power factor (PF), which is the product of electrical conductivity and Seebeck coefficient,
and considerably low thermal conductivity. Although Bi2Ses belongs to the bismuth chalcogenides
group, it is less regarded for device fabrication due to its poor thermoelectric performance. Enhancing
the TE properties of Bi-Chs remains a significant challenge for researchers due to the conflicting
dependency of the TE transport properties (Seebeck coefficient, S, electrical conductivity, o and the
total thermal conductivity, kr) that define the efficiency of the TE device. Bi2Ses possesses a
rhombohedral layered structure stacked along the c-axis with van der Waals gaps that allow doping.
The voids allow for dopant intercalation, which arrests phonon vibration and decreases the total
thermal conductivity. Due to this, several single and multiple dopants have been utilized in bismuth

chalcogenides to further improve their electronic properties. The dimensionless figure of merit (ZT)
2

of any TE material is determined by the relation ZT = (;iT.l From this relation, it is evident that
T

materials with high electrical conductivity and Seebeck coefficient and or considerably low x; are
of desired interest. Several reported studies focus on band engineering,>* point defect,®
nanostructuring,® doping " to improve the PF of TE materials.’® Controlled doping has shown

usefulness in enhancing the TE performance of Bi>Tes-based materials.!



The past few decades earmarked the first generation of bulk thermoelectric materials. These materials
exhibited an efficiency of about 5 - 6% and a thermoelectric figure of merit of about 0.8 — 1.0.1? Most
of these materials, which saw the light of the day for practical usage, fall under the metal
chalcogenides class. The most recognised state of art TE material for room temperature application
is Bi2Tes.® Researchers have published several strategies to improve TE performance, including
band engineering of thermoelectric materials,? synthesis of chalcogenides,'* wearable thermoelectric
power generation,® nanostructured thermoelectric materials.’®” Bi>Tes/Sh2Tes-based materials are
the best TE materials for near room-temperature applications, with ZT values ranging between 1 and
2.18 Thermoelectric devices have numerous applications, including real-time monitoring of personal
health (electrocardiographic),'®2! polymer electrolyte membrane fuel cell,?? and heat pump,?® where
the body heat is harvested and used by a wearable device for monitoring the health of human. Despite
the high TE performance of Bi2Tes-based materials, the scarcity and toxicity of telluride make it
crucial to devise any means possible to improve cheaper and less toxic Bi2Ses-based material
alternatives significantly. After Sun et al.?* published their studies on Cu-doped CuxBi2Ses with a
maximum ZT of 0.54 at 590 K in 2015, no other work has shown such a high ZT for Bi2Ses
thermoelectric material. The high ZT for Cuo.01Bi2Ses can be attributed to the enhanced thermal
conductivity reduction caused by the increased phonon scattering.

Herein, we show that indium (In) and antimony (Sb) co-doping in Bi2Ses rhombohedral structure is
a practical approach in promoting simultaneous enhancement in Seebeck coefficient and electrical
conductivity as well as a drastic means to reduce the thermal conductivity. The co-doped Bi2Ses

samples (Biz_XInXszX/3Se3) is synthesized through a single step thermal route followed by

appropriate characterization methods. The In substitution at Bi site will modify the band structure to
enhance the Seebeck coefficient and electrical conductivity. Simultaneously, the insertion of an
antimony atom in Bi2Ses is expected to arrest phonon vibration and reduce the lattice thermal
conductivity. Again, the choice of In atom as a substitute for Bi atom is due to their similar electronic
structures and the tendency to promote neutral ions that control the overall scattering of conduction

electrons. Due to the smaller atomic size of Sb (133 pm), it is suitable as an intercalant in the Bi2Ses
3



layers. The presence of Sb atoms within the van der Waals gaps of the In doped bismuth selenide
materials causes rattling, which reduces thermal conductivity.
Experimental Section

Synthesis of Biz_XInXSbZX/3se3 nanostructures (x = 0, 0.05, 0.1, 0.2)

Selenium powder (Se powder, J&K Scientific Ltd, 99%), Bismuth (Bi) nitrate pentahydrate (Bi (NOz)
3. 5H20, J&K Scientific Ltd, 99 %), Antimony chloride (SbCls - Aldrich, 99.99%), Indium chloride
(InCls - Aldrich, 99.99%), 2-methoxy ethanol anhydrous (Sigma Aldrich, 99.8%) and ethanolamine
(ACS reagent, Aldrich > 99.0%) were used without any further purification. The synthesis of

Biz_XInXszX/3Se3 was carried out similar to the procedure already reported.? In a typical synthesis

method, a mixture of 2-methoxy ethanol and ethanolamide was preheated at 373K for 30 minutes.
Then 1 mmol of bismuth nitrate and 1.5 mmol of Se powder were added to the above mixture and
then subjected to continual stirring for 3 hours on a hot plate kept at 473K. Lastly, the hot plate was
turned off, and the precipitate was collected through centrifugation, followed by washing multiple
times with water and ethanol. The final powder was then dried at 343K in an open oven for 6 hours. It
is important to mention that, for ease in referencing, all our synthesized In and Sb co-doped

Biz_XInXSbZX/sSe3 samples are hereafter abbreviated as BS ( x = 0 at.%), BISS-0.05 (x = 0.05 at.%),

BISS-0.1 (x = 0.1 at.%) and BISS-0.2 (x = 0.2 at.%). The densities of the prepared samples, 6.71
gem3, 6.58 gem3, 6.45 gcm and 6.24 gcm=for BS, BISS-0.05, BISS-0.1 and BISS-0.2, respectively,

are in good agreement with those in the literature.®

Characterization of BiZ_XInXSbZX/SSe3 nanostructures

The measurement of electrical conductivity (o), Seebeck coefficient (S), and thermal conductivity

(k) of all the Biz_XInXszX/BSe3 samples were obtained from room temperature to 473 K. The 13

mm disc-shaped samples were formed into a rectangular bar (12.7 mm x 7 mm x 0.5 mm) for the ¢
and S measurement. Then the laser flash method (NETZSCH, LFA457), the scanning calorimetry
(NETZSCH, DSC 404F) and Archimedes principle were used for the measurement of the thermal
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diffusivity (1), heat capacity (Cp) and density (p), respectively. With the Cp, p and A known, the total
thermal conductivity (Kr) is calculated from the relation; Kt = p X A x Cy. It is worth mentioning
that the o and S were measured within an error of 8% while that of the thermal conductivity is 9%.
More so, using a commercial Hall-effect system (ECOPIA HMS-5300) in the van der Pauw
configuration, the Hall coefficient, R; was measured at 300K under a magnetic field of 0.5T and a

current of 20 mA. Then the Hall carrier mobility, uy and carrier density, ny were calculated

according to uy = oRy and ny = ﬁ , respectively. The errors in the Hall coefficient and Hall
H

mobility measurements were less than 5%. Thus, the overall uncertainty for all measurements

involving the ZT calculation was less than 20%.

Computational details

The density functional theory (DFT) calculations were applied to obtain an insight into the In and Sb
co-doped Bi2Ses electronic band structure. The DMol® program using the Perdew—Burke—Ernzerhof
(PBE) of generalized-gradient approximation (GGA) function 2° was adopted in a typical calculation
method. Again, the plane wave kinetic energy cutoff was set at 500 eV. The co-doped

Biz_XInXSbZX/3Se3 materials were modelled using the 2 x 2 x 1 supercell. The DN basic set described

the whole system with polarization function (DNP). Again, the DFT Semi-core Pseudopots (DSPP)
core treatment was taken to replace the core electrons with a single effective potential.?” More
importantly, the k-point of the Brillion zone was maintained as 3 x 3 x 1 for the geometry

optimization and 6 x 6 x 3 for high-quality electronic structure calculation.

Results and Discussion
Structural properties of the Biz_XInXSbZX/3Se3 nanostructures
To characterize the formation of the Biz_XInXSbZX/38e3 structure, the X-ray diffraction technique is

used to determine the final black products' crystal phase, as shown in Figure 1. It is observed that the

crystal structure of the Bi2Ses shows no deviation upon the introduction of the co-dopants. This is
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depicted in Figure 1a, where there is an absence of a new phase in the doped samples. It is thus
important to mention that despite the presence of the dopants of different ionic sizes (In®*—0.8 A,
Sb*—0.76 A) compared to the host (Bi**—1.03 A), the XRD patterns of the co-doped samples show
a single phase composition and hence the result is highly consistent with that of hexagonal JCDPS #
33-0214 for pristine Bi2Ses. However, we observed a noticeable lattice shift to a lower 20 (Figure
1b) for the highly doped sample ( x = 0.2 at.%). This implies the impurity atoms substitute the host
(In) or occupy the interstitial sites (Sb) without much lattice interference for the less doped samples
(x < 0.2 at. %). As the doping amount reaches x = 0.2 at.%, more Bi atoms are replaced by In as Sh
intercalate the Bi2Ses network, leading to high lattice expansion in the in-plane axis,?® which is

evident in Figure 1b and Table S1.
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Figure 1. (a) the normalized XRD pattern (b) shift in the (015) plane (c) peak intensity of the (015)
plane dependence on the doping content (d) the degree of crystallinity dependence on the doping

content of all the synthesized BISS samples

We also note that the diffraction peaks of all the co-doped samples show broadened peaks (larger full
Width half maximum, FWHM), which is caused by the lattice strain and crystallite size. The increase
in FWHM with doping suggest that the crystallite sizes of all the BISS samples are smaller than that
of the pristine. Accordingly, the calculated (using Eqn S1 and Eqn S2) lattice parameter (a = b) of
the hexagonal phase of Bi2Ses is found to increase with doping concentration, which explains the in-
plane crystal lattice expansion while that of the vertical plane (out-of-plane) diminishes upon doping.
As the lattice parameters of the impurity (In2Ses;a=b=a=7.1286 A and ¢ = 19.3820 A )?° are
different from that of the host, Bi-Ses (a = b = 4.13 A, ¢ = 28.58 A ),% it is expected that as more In
atoms substitute the Bi ones, the significant difference between the in-plane and out-of-plane lattice
parameters creates in-plane lattice expansion and out-of-plane contraction in the final bulk structure.
Therefore, variable lattice distortion (contraction and expansion) coexisting in the co-doped Bi2Ses
structure is not uncommon.®! Elsewhere, Samoilov et al.®! have shown that doping of indium in lead
telluride (PbTe) causes lattice parameter decrease for doping content (x) less than 0.6 at.%. However,
as the In concentration increases (x > 0.6 at.%), a noticeable rise in the lattice parameter is observed.
This, thus, results in a lattice volume decrease. It is worth pointing out that the expansion found in
the in-plane axis could not compensate for much contraction in the out-of-plane, as shown in Table
S1. The in-plane lattice parameter increases with co-doping while the out-of-plane lattice decreases
for the entire doping range. Again, the peak intensity (Figure 1c) of the highly intense peak (015) and
the degree of crystallinity (using Eqn S3, Supporting Information) of all the samples decreases with
doping until x = 0.2 at.%. The peak intensity trend corresponded well with the degree of crystallinity
(Figure 1d) of all the samples. Using the data obtained from the XRD characterization, the average
crystallite size (using Egn S4) and the microstrain (Eqn S5) in all the studied samples were estimated

using the same procedure reported in our previous studies.*® The obtained crystallite size and



microstrain (Figure Sl1a) shows an inverse relationship consistent with literature,®* and
correspondingly, the XRD relative intensity of the (015), (1010) and (205) are chosen and compared
in Figure S1b. The variation in the respective intensity and the corresponding low 26 shift (expansion)
is shown. The crystallite sizes reduce drastically from 420 nm (pristine) to 145 nm (x = 0.2 at.%).
The decreased crystallite size is significant for forming numerous grain boundaries, which hinders
the propagation of phonon transport and hence causes a reduction in thermal conductivity.
Accordingly, the microstrain is calculated from Egn S5. The co-doping yielded an increase in
microstrain with doping from the pristine (0.9 x 10 ) to the highly doped sample (2.4 x 1073).
Installing impurity atoms into the interstitial gaps in a crystal structure and substituting a host atom
with a foreign atom with a different atomic size is expected to cause straining of the crystal lattice 3
due to the distribution of the lattice parameters arising from the crystal imperfections induced by the

dopants.

Numerically, we estimate the impact of co-doping on the lattice of the pristine bismuth selenide
material. First, the doping—induced crystal lattice dislocation (using Egn S6) is obtained (Table S2)
using the procedure already reported elsewhere.?® It was found that, with increasing doping, the
lattice dislocation increased from 0.71 x 10%° m™2 for the pristine to 5.97 x 10*® m for BISS-0.2. The
increase in dislocation density with doping is due to the increase in the concentration of the dopants
(with varying atomic sizes) in the host crystal lattice breaking the regular atomic order.

The presence of dislocation defects in materials leads to phonon-dislocation scattering, which results
in a colossal reduction in lattice thermal conductivity and hence total thermal conductivity.®* Low Kt
materials promote high TE performance since the thermoelectric figure of merit is inversely
proportional to the total thermal conductivity.

More so, the effect of co-doping on the chemical structure of the final Biz_XInXsz>(/3Se3 samples

were examined using Raman spectroscopy (Figure 2). The two prominent peaks located at 129.3 cm”
3and 172.6 cm™ were assigned to the Ej and Aig vibrational modes, respectively (Figure 2a). A peak
shift (Figure 2b) is noticed for all the BISS samples. This indicates that the doped Bi2Ses samples do

not lead to the formation of new structural units (within the detection limit of the Raman technique),
8



and the Bi2Ses is accommodative for impurity atoms. Furthermore, the binding energies of the
pristine, as well as those of all the co-doped (BISS) samples, were obtained and shown in Figure 3.
The survey scan for both the pristine and the co-doped samples are compared (Figure S2 ). The co-
doping effect is evidently more pronounced for the highly doped sample (BISS-0.2), which shows
the prominent impurity signal at binding energies of 452.68 eV. This binding energy corresponds to
that of In.3>3® This implies that the Bi site's substitution does not show significant structural changes

to the parent material.
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Figure 2. (a) Raman spectra (b) the individual Raman shift for all the synthesized BISS samples

Similarly, the high-resolution spectra for all the BS (Bi and Se) and BISS (Bi, In, Sb and Se) samples
are depicted in Figure 3 and Table S3. Typically, the XPS spectra for the high-resolution data is fitted
using the Gaussian function. The two prominent peaks, each at 158.09 eV and 163.23 eV for the
pristine, can be ascribed to Bi 4f72 and Bi 4fsi2 (Figure 3a). It is observed that both the Bi 4f72 and
Bi 4fs.2 shifted by an energy difference of 0.3 — 0.6 eV with an increase in In and Sh doping content.
Thus, this demonstrates that in the absence of any new structural units in the doped samples, the band

structure of the final Biz_XInXSbZX/Bse:; topological insulator is significantly influenced.3” Again, the

binding energy at 54.21 eV and 53.37 eV in Figure 3b are well assigned to Se 3ds2 and 3ds/2. The Se

3d orbitals of the BISS samples remained unchanged after doping. From Figure 3c, the In 3d binding



energy located at 444.61 eV and 452.68 eV well matches that of In 3ds;2 and In 3dss, respectively .68
As can be observed, two extra peaks located at 440.7 eV and 464.48 eV is shown in Figure 3c and
Table S4. The peak at 440.7 eV represents In® produced from the splitting of the 3ds/2, while that at
464.48 eV represents the plasmon loss feature of the indium metal.*® Figure 3d shows the presence
of the Sb impurity in the final material. The binding energy of 529.77 eV and 539.35 eV (Table S4)
is well assigned to the Sb 3ds/2 and Sb 3ds/2 of the BISS-0.05 samples.*®*! As the doping content is
further increased (0.1 at.% and 0.2 at.%), this energy varied slightly (0.13 eV and 0.48 eV)
correspondingly.

The rearrangement of the core energy levels in the valence band of the host by the impurity atoms
contributes to the redistribution of all electrons in the host. Therefore, it changes the Fermi level (Er)
position and the density of conducting charge carriers around the Er. The strategy is proven
experimentally in the BISS compositions, whereby indium and antimony co-doping creates deep
defect states of ~15 eV below the Fermi level. The defect states perturb the substantial electron
population while leaving the impurity atoms with no net charge. Principally, this doping approach
prevents the formation of ionized (which scatters conduction electrons) impurities in the

semiconductor material.
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Table 1 Room temperature TE properties of BISS materials and the calculated m*

Samples Nyall HHaul OHall OzEM S Kr m*(me)
10¥cm™3) | (em?v-is™Y)| (Sem™) | (Sem™) | (VK™Y | Wm K

BS 0.186 149 44.342 36.17 -109.402 0.757 | 0.082

BISS-0.05 9.168 7.127 102.73 143.77 -94.89 0.502 | 0.639

BISS-0.1 7.382 3.351 91.96 95.28 -117.33 0.412 |0.733

BISS-0.2 1.129 2.357 33.02 23.46 -137.98 0.246 | 0.329
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In Table 1, we have shown the variation of the electron density with In and Sb co-doping in the Bi-Ses
structure. The electron density increases with mild doping (x = 0.05 at.%), which then decreases
afterwards as the doping amount is further increased (x > 0.05 at.%). From the DFT calculation, the
Fermi energy shift towards the conduction band with the co-doping. This is expected to enhance the
electron density. However, on the contrary, the electron density initially increases and then decreases
afterwards. This is because the substitution of In for Bi does not yield more electrons due to the
available transition of In(5s?5p?) to form In;(5s°5p3). Thus, the variation of the electron density is
caused by the intrinsic contribution from point defects.*? The incorporation of In at the Bi site inhibit
the volatilization of the selenium during the annealing process, which thus decreases the selenium
vacancies. This, therefore, decreases the electron density, as shown in Table 1. With regards to this
mechanism, similar work is reported elsewhere.*344

More so, field—emission gun scanning electron microscopy (FEG-SEM) is used to characterize the
morphology and crystallite size of the samples. As shown in Figure S3a-d, a plate-like morphology
is found for all the samples. The average crystallite size reduction observed by XRD is also in good
agreement with the observed grain size indicated by SEM (linear intersecting method). It is worth
noting that, as the doping amount increases from 0 at.% to 0.2 at.%, the crystallite size decreases,
which corresponds well with that estimated from the Scherrer approach. The decrease in the
crystallite size with co-doping comes from the pinning effect induced by the In and Sb doping %
during the thermal treatment process.*® This enhances the crystal boundaries and therefore reduces
the thermal conductivity. Similarly, Energy dispersive x-ray (EDX) measurement was performed to
estimate the exact atomic fractions of individual constituents of the BISS samples (Figure S4a-d). It
is evident from the EDX spectra shown in Figure S4 that the doping process was successful.

Using DFT, we have theoretically studied the In and Sb co-doping effect on the Bi2Ses topological
insulator. The results are shown in Figures 4 and 5. Ideally, introducing an impurity atom into a host
matrix (aliovalent doping) increases the charge density of the final material. However, the behaviour

of the electronic configuration of Bi ([Xe] 4f*4 5d'° 6s? 6p% and In ([Kr] 4d° 5s? 5p' ) and the

12



difference in the electronegativity (yBi ~2.69 and yIn ~2.29) *’ may result in more ionic bonding with
strong carrier scattering and thus higher effective mass along with lower mobility of the charge
carriers (see Table 1). Isovalent doping, unlike aliovalent doping, introduces neutral charge
impurities into the crystal lattice of the parent material, and these neutral impurities oppose less to
conduction electrons. However, a complex structure, irrespective of the doping approach, introduces
more disorder in the material, which can scatter phonon and conduction electrons, i.e. diffusive
transport can be the consequence. Similarly, a signature of effective phonon scattering, which causes
a significant reduction in lattice conductivity, also deteriorates carrier mobility. Thus, the vast
decrease in mobility observed for the BISS samples signifies the enhanced electron-phonon
scattering, which decreases the mean free path of conduction electrons.*®

Herein, we show that the deep defect states ( ~15 eV below the Fermi level) and Fermi energy shift
towards the conduction band (Figure 4a-d ) are instigated by the In and Sb co-doping, resulting in

enhanced electronic properties (Figure 5a-d).
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Figure 4. The Band structure for (a) BS (b) BISS-0.05 (c) BISS -0.1 (d) BISS-0.2 obtained from the
DFT calculation
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The substitutional impurity (In) is responsible for the emerged defects states located below the Fermi
level. In this system, no charge transfer from the impurity to the host is favoured; however,
restructuring the electronic band induced by the impurity atom leads to improvement in the DOS due
to the changes in the Fermi energy.

Certain impurity atoms have been shown to establish a pair of defects states in semiconductor
materials, namely, the hyper deep defect states (HDS), which are inactive states located far below
the Fermi energy and deep defect states (DDS), near the energy gap.**>° In most cases, the DDS
forms the resonant states as it hybridizes with the conduction band leading to excessive improvement
in the DOS for the host material. It is clear that only HDS is evident from our DFT calculation;
however, the shift of the Fermi level towards the conduction band is pronounced and contributed to

the enhancement of the transport properties of our doped samples.
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The electrical conductivity (o,g), as well as the Seebeck coefficient of all our samples, were
simultaneously measured from 300K to 473 K using the procedure described in our previous work.*°
The electrical conductivity (Figure 6a) increases linearly with temperature throughout the entire
temperature range for all the samples. The room temperature ¢ increases sharply with doping from
the pristine (36 Scm™) to x = 0.05 at.% (144 Scmt). With a further increase in doping, the electrical
conductivity deteriorated appreciably for x = 0.1 at. % (95 Scm™ ) and x = 0.2 at.% (24 Scm™). The
massive enhancement in the electrical conductivity for the least doped sample (x = 0.05 at. %) is
associated with the enhanced carrier density (0,5, = neu). The improved n compensated for the loss
in carrier mobility (Table 1). The carrier mobility (compared to the pristine) observed for all the BISS

samples are severalfold lower than that already reported for the Bi,_,In,Sb2x /3Te3.25 This is because

Bi2Ses topological insulators possess lesser VVan der Waals gaps and volume than Bi2Tes. This implies
the latter can accommodate a higher concentration of impurities compared to that of the former.
Moreso, the drastic decrease in the carrier mobility can be related to the electronegativity difference
between In and Bi, leading to more ionic bonding and thus, promoting higher DOS with lower
mobility. It is worth mentioning that the choice of the isovalent doping approach is to reduce ionised
impurities scattering in the host crystal that averts excessive carrier scattering. However, the
measured carrier mobility reduction obtained for all the doped samples signifies significant lattice
distortion induced scattering ! and electron-phonon scattering,® thus deteriorating the mean free
path of conduction electrons.*® UV-Vis spectroscopy analysis was also carried out, and the results
are provided in Figure S5. It can be seen that the optical density of the synthesized samples increases
with doping, with the maximum density situated within 1.2 — 1.6 eV. The increase in density with
doping (Figure S5) is in good agreement with the DFT calculation (Figure 5a-d). Despite the rise in
Fermi energy with doping (Figures 4 and 5), there is a noticeable decrease in the carrier concentration
for the samples BISS-0.1 and BISS-0.2. The reduction in the carrier concentration can be attributed
to the filtering of the low energy charge carriers.>*** Nanostructures can enhance the material power
factor via the energy filtering effect. In this case, the charge carriers with low kinetic energies are

impeded by potential from a nanoprecipitate phase, while high energy carriers experience no
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restriction. This decreases the carrier concentration and, therefore, suggests that an optimal
thermoelectric efficiency exists for an intermediate doping level. The consequence of energy filtering
is that a mechanism of enhancement in the Seebeck coefficient through the energy-dependent
scattering mechanism is strengthened, leading to carrier localization and hence a decrease in the
actual carrier concentration. The high Seebeck coefficient and low thermal conductivity of the BISS-
0.1 sample compensated for the slight drop in carrier concentration leading to optimal thermoelectric
performance in all the synthesized samples. Considering our experimental and theoretical calculation
together, the effective mass and Fermi energy of all the synthesized samples are independent of

carrier concentration.
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Figure 6. Temperature dependence of the (a) electrical conductivity (b) Seebeck coefficient (c)

calculated power factor (d) the total thermal conductivity of the BISS samples
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The Seebeck coefficient (Figure 6b) for all the BISS samples shows negative values from 300 K to
473 K representing a typical n-type behaviour. The Seebeck coefficient is sensitive to the asymmetry
of the electronic density of state (DOS) near the Fermi level (Er). This implies that infinitesimal
changes in the DOS would affect the carrier density (n) and hence the magnitude of S. The carrier
density of the BS and BISS samples are quantified by the Hall measurement, where all the BISS (n
~ 10%%) samples were approximately ten-fold higher than that of the pristine (n ~ 10'® cm). Using
the linear dependence of S; the effective mass is estimated using the semi-classical Mott-Jones
formula,®* viz

_ m?Kg® dIna (E) _ __ mKg® m* 1
el E) g, (3m2)/3 n2|e| n*/3 1)

S =

T
where kg, n, e, T, EF, m", h and o are Boltzmann constant, carrier density, electrical charge,
temperature, Fermi energy, effective mass, Plank’s constant and electrical conductivity, respectively.
From Eqn 1, the carrier effective mass is estimated. The obtained effective mass increases from the
pristine (0.08 me) to x = 0.1 at. % (0.73 me). Upon further doping (x = 0.2 at. %), the effective mass
decreases appreciably to 0.3 me. The improvement seen in the Seebeck coefficient for the BISS
samples is ascribed to an improved modification of the DOS and effective tuning of n caused by the
co-doping.
Figure 6c represents the calculated power factor for all the synthesized BISS (0 < x < 0.2) samples.
The simultaneous improvement of ¢ and S is evident in the calculated PF. All the BISS samples
showed better performance than that of the undoped samples considered between 300K and 473 K.
The maximum PF (0.337x10° Wm™K2 at 473 K) in our studied samples was found for BISS-0.05.
Compared with Bi2Tes,? Bi2Ses in this work showed a better response of In and Sb co-doping. The
observed simultaneous improvement in S, ¢ and hence PF is crucial for realizing high overall
thermoelectric efficiency.
Utilizing nanostructured materials for thermoelectric energy generation is crucial for obtaining
reduced total thermal conductivity, Kr. The reduction of thermal conductivity in crystalline materials

below the amorphous limit is problematic. However, exploiting nanostructured materials plays a
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significant role in enhancing Kr reduction, which influences the enhancement of the thermoelectric
figure of merit. Here, the temperature dependence of the overall total thermal conductivity of the
pristine and the BISS samples are estimated and shown in Figure 6d. The Kt of the BISS-0.05 follows
a similar decreasing pattern throughout the entire temperature range as that of the pristine. However,
as the doping amount reaches x = 0.1 at.%, the thermal conductivity slightly increases from 300 K to
375 K but decreases sharply afterwards. For the highly doped sample (x = 0.2 at. %), Kt increases
from 300 K to 473 K. The calculation of the total thermal conductivity was done using the measured
thermal diffusivity (Figure S6a), specific heat capacity (Figure S6b) and the density of the sample.*°
The electronic contribution (Figure S6c) to the total thermal conductivity (Kei) is calculated from the
Wiedemann — Franz relation, Kei = oL T, where L is the Lorentz factor which is calculated using Eqgn
S7, o is the measured electrical conductivity, and T is the temperature. Using the obtained Ke data,
the lattice thermal conductivity (shown in Figure S6d ) is calculated from Kiat = Kt - Kel. The Kiat
values for all the samples follow the same K trend with the minimum value of 0.25 Wm™ K at 300
K found for BISS-02. Therefore, the Kiat and the Kt values for all the BISS samples are lower than
that of the pristine. This is due to the enhanced scattering of phonon energy caused by the synergistic
effect of the small crystallite size, microstrain and lattice distortion instigated by the co-doping.

The lattice thermal conductivity of the BISS significantly decreases with increasing doping content
from x =0 to x = 0.2 at.%. For instance, the Kiat values of the x = 0, 0.05, and 0.1 at.% samples at
473 K are 0.62, 0.38 and 0.30 Wm™K, respectively, as shown in Figure S6(d). When increasing the
doping content from x = 0.1 at.% to x = 0.2 at.%, Kiat remains unchanged. The enhanced reduction
in Kiat is ascribed to the following reasons. (1) The crystallite size and the bulk density (6.71 gcm®)
gradually decrease with increasing doping content, as discussed in Figure S1. The small crystallite
size provides a large area of crystal boundaries, which contributes to phonon scattering, acting as
centers for long-wavelength phonon scattering;° (2) the large differences in atomic mass (Bi
—208.98, In —114.82, and Sb — 121.76 g mol™) and ionic radius (Bi** —1.03, In**—0.8 A,
Sb3*—0.76 A) between the host atom (Bi) and the doped atoms (In and Sb) give rise to the mass and

strain field fluctuations in the crystal lattice, which enhance the short-wavelength phonon scattering
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and a corresponding reduction in Kia.>~*° It is worth to note that further doping in Bi2Ses beyond x
= 0.1 at.% is undesirable.

More importantly, the small crystallite size provides sufficient boundaries that promote grain
boundary scattering and reduce lattice thermal conductivity. Although introducing impurities into a
host material has served as an efficient mechanism to enhance thermal conductivity reduction,
excessive doping can adversely affect K1.%° In that regard, upon realizing the sudden increasing trend
of the Kiar and Kt in BISS-0.2 (Figure S7), it was sufficient not to proceed with further doping. As a
result, we show an attainable minimum value of 0.25 WmK* for BISS-0.2, which is much lower
than the Kt previously reported.3®%! The low total thermal conductivity for all the BISS samples and
the simultaneous enhancement of the Seebeck coefficient and electrical conductivity ensure higher
TE efficiency. However, the small value of Kt for BISS-0.2 could not compensate for the low power
factor, which affected the ZT. We have also provided the thermogravimetric data (Figure S8) for all
the synthesized samples. The graph shows that the most stable samples are BISS-0.05 and BISS-0.1,

while BISS-0.2 is the most unstable, especially at T > 500 K.
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Figure 7. The thermoelectric figure of merit (ZT) (a) dependence on temperature for all the BISS

samples (b) the maximum ZT dependence on doping content at 473K

The thermoelectric figure of merit, ZT dependence on temperature and doping amount for all the

Biz_XInXszx/SSe3 samples are estimated and shown in Figure 7a and Figure 7b, respectively. The
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dimensionless figure of merit increases with temperature for all the BISS samples. However, the
impact of the doping amount is peaked at x = 0.1at.%. This shows that the higher doping amount (x
= 0.2 at.%) is detrimental to the enhancement of the ZT. The maximum ZT of 0.47 at 473K is found
for BISS-0.1, representing 8 times enhancement compared to that of the pristine (ZT = 0.06)
considered at the same temperature. It is evident from the measured electronic and thermal transport
properties that the enhancement observed for BISS-0.1 is due to the optimized simultaneous
enhancement of the Seebeck coefficient and electrical conductivity coupled with the reduced thermal
conductivity. This implies isovalent doping plays a crucial role in enhancing thermoelectric
performance. We have compared the superiority of our synthesized samples with those already

reported (Table S5). Our design has erupted massive improvement in the TE properties.

Conclusions

In this work, Biz_XInXSbZX/38e3 samples were synthesized through a single step thermal route. By

introducing co-doping of In and Sb into the Bi2Ses, simultaneous enhancement of the Seebeck
coefficient and electrical conductivity was achieved, which led to improvement in the power factor.
The simultaneous increase in S and o for the Bi2Ses topological insulator is possible by using
isovalent dopants (In and Sb). The small crystallite size coupled with the lattice distortion caused by
the slight difference in the ionic radii of the host and the impurities increases the pining of the phonon
vibration and hence decreases the total thermal conductivity. An optimum thermoelectric
performance (ZTmax = 0.47 at 473 K) was found for BISS-0.1 material. To the best of our knowledge,
the performance obtained from this work is higher than the existing Cu doped Bi2Ses thermoelectric
performance. Conventionally, introducing an impurity atom (aliovalent doping) for the host in a
semiconductor in modern electronic technology creates either donor or acceptor levels showing that
the band structure of the host materials remains unchanged after doping through rigid band
approximation. This implies that the dopant transfers electrical charge to the host, thus promoting a

change in the total number of free charge carriers in the semiconductor. This theory is valid when the
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valence band of the impurity atom differs from that of the host. We show that adopting isovalent
doping can simultaneously enhance the Seebeck coefficient and electrical conductivity with
measurable deterioration in the thermal conductivity instigated by the In and Sb doping and defect
states below the Fermi energy. Nonetheless, Bi (6p%) substitution with In (5 s?5p?) is expected to
restrict conduction electron scattering. However, the drastic decrease in the carrier mobility is due to
the electronegativity difference between In and Bi, leading to more ionic bonding and thus, promoting
higher DOS with lower mobility. The consequence of which is the enhancement power factor with a
reduction in thermal conductivity. This is because effective doping has been successfully utilized to
optimize the charge carrier density, thus promoting substantial improvement in the electronic

properties and ZT.
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Synopsis

A novel doping strategy is implemented on Bi2Ses material, leading to a high figure of merit for
efficient waste energy recovery
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